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(57) Abstract: A method and system for drilling or cutting a subterranean well or formation (52) using a drilling rig (5)i a drill string 
(55), a plurality of solid material impactors (100), a drilling fluid and a drill bit (60) is disclosed. This invention may have particular 
utility in drilling wells for the petroleum industry and for cutting formation in the mining and tunnel boring industries. In a preferred 
embodiment, a plurality of solid material impactors are introduced into the drilling fluid and pumped through the drill string and 
drill bit to impact the formation ahead of the bit. At the point of impact, a substantial portion by weight of the impactors may have 
sufficient energy to structurally alter, excavate, and/or fracture the impacted formation The majority by weight of the plurality of 
solid material impactors may have a mean diameter of at least 0.100 inches, and may stmcturally alter the formation to . a depth of at 
least twice -the mean diameter of the particles comprising the impacted formation; Impactor ; mass; and/or velocity may be selected to 
satisfy a mass-velocity relationship in the respective impactor sufficient to stnicturally alter the fomation. Rotational; gray itatio 
kinetic and/or hydraulic energy available at the bit in each of the bit, the impactors and the fluid may. thereby more; efficiently effeqt 
the generation and removal of formation cuttings ahead of the bit. 
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FORMATION CUTTING METHOD AND SYSTEM 
■ . ' FIELD OF THE INVENTION 

This invention is generally applicable to cutting earthen or subterranean formations. 
More particularly, this-inyehtion is applicable to drilling wells such as oil, gas or geothermal 
wells. Additionally, this invention may be used in drilling and mining wherein tunnels, pipe 
5 chases, foundation piers, holes or other penetrations or excavations are made through 
formations for purposes other than production of hydrocarbons or geothermal energy. 

BACKGROUND OF THE INVENTION 

The process of drilling a well bore or cutting a formation to construct a tunnel and 
10 other subterranean earthen excavations is a very interdependent process that preferably 
integrates and considers many variables to ensure a usable bore is constructed. As is 
commonly known in the art, many variables have an interactive and cumulative effect of 
increasing drilling costs. These variables may include formation hardness, abrasiveness, 
pore pressures and formation elastic properties. In drilling wellbores, formation hardness 
15 and a corresponding degree of drilling difficulty may increase exponentially as a function 
of increasing depth. A high percentage of the costs to drill a well are derived from 
interdependent operations that are time sensitive, i.e., the longer it takes to penetrate the 
;; formation being drilled, the more it costs. One of the most important factors; affecting the 
yeast of drilling a well bore is the rate at which the formation can be penetrated by the drill 
20 bit, which typically decreases with harder and tougher formation materials and formation 
depth. Consequently, drilling costs typically tend to increase exponentially with depth. 

There have been many substantially varied efforts to meaningfully increase the 
effective rate of penetration ("ROP") during the drilling process and to thereby reduce the 
cost of drilling or cutting formations by improving drill bit efficiency. Dr. William C. 
Maurer’ s book entitled, "Advanced Drilling Techniques" published by Petroleum Publishing 
Company in 1980 outlines several novel efforts in an attempt to address the issue of 
increasing the rate of penetration. Further, Dr. Maurer’s book illustrates the tremendous 
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interest^ breadth of participation and sigmficant mbn^;^ent a^ the long- 

felt need for substantially improving the ROP. 

Three significant efforts ofa sustained nature to meaningfully increase ROPs warrant 
discussion relating to this invention. The first two of these efforts involved high-pressure 
5 circulation: of a drilling fluid as a foundation for potentially increasing the rate of penetration. 

It is common knowledge that hydraulic power available at the rig site vastly outweighs the 
power available to be employed mechanically at the drill bit. For example, modem drilling 
rigs capable of drilling a deep well typically have-in excess of 3000 hydraulic horsepower 
available and can have in excess of 6000 hydraulic horsepower available while less than one- 
10 tenth of that hydraulic horsepower maybe available at the drill bit. Mechanically, there may 

be less than 100 horsepower available at the bit/rock interface with which to mechanically 
drill the formation, y y 

One of the first significant efforts at increasing rates of penetration was a promising 
attempt to directly harness and effectively utilize hydraulic horsepower at the drill bit by 
15 incorporating entrained abrasives in conjunction with high pressure drilling fluid (‘‘mud’’). 
This resulted in ah abrasive laden, high velocity j et assisted drilling process. The most 
comprehensive work conducted in attempting to use drilling fluid entrained abrasives was 
conducted by Gulf Research and Development Company. This work is described in detail 
in a number of published articles and is the subj ect of many issued; patents. This body of 
20 work teaches the use of abrasive laden jet streams to cut concentric grooves in the bottom 
of the hole leaving concentric ridges that are then broken by the mechanical contact of the 
drill bit. There was ample demonstration that the use of entrained abrasives in conjunction 
with high drilling fluid pressures caused accelerated erosion of surface equipment and an 
inability to control drilling mud density, amongother issues. Generally, the use of entrained 
25 abrasives was considered practically and economically unfeasible. This work was 
summarized in the last published article titled “Development of High Pressure Abrasive- Jet 
: Drilling,’’ authored by John C. Fair, Gulf Research add Development. It was published in 
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the Journal of Petroleum Technology in the May 1981 issue, pages 1379 to 1 388. Due to this 
discouraging terminal report, the industry has not meaningfully attempted to further 
investigate and develop a system to use abrasives for well bore drilling purposes. 

A second significant effort to directly harness and effectively utilize the hydraulic 
5 horsepower available at the bit incorporated the use of ultra-high pressure jet assisted 
drilling. A group known as FlowDril Corporation was formed to develop an ultra-high- 
pressure liquid jet drilling system in an attempt to significantly increase the rate of 
penetration. FlowDril spent large sums of money attempting to commercially field a drilling 
system. The work was based upon US patent number 4,624,327 and is well documented in 
10 the published article titled “Laboratory and Field testing of an Ultra-High Pressure, Jet- 
Assisted Drilling System’’ authored by J. J. Kolle, Quest Integrated Inc; , and R. Otta and D. 

L. Stang, FlowDril Corporation; published by SPE/IADC Drilling Conference publications 
paper number 22000. Further to the cited publication, it is common knowledge that the 
complications of pumping and delivering ultra-high-pressure fluid from surface pumping 
15 equipment to the drill bit proved both operationally and economically unfeasible. FlowDril 

Corporation is continuing development of an ‘Ultra-High Pressure Down Hole Intensifier” 
as a substitute technology in an effort to commercialize its product. Of note is the fact that 
FlowDril demonstrated that generating a kerf near the hole gage will produce increased •• 
efficiencies for the mechanical action of the drill bit. This is cited in the conclusions stated 
20 in the article titled ‘Ultra-High Pressure Jet Assist of Mechanical Drilling” authored by S. ; 
D. Veehuizen, FlowDril Corp; J. J. Kolle, Hydropulse L. L. C.; and C. C. Rice and. T. A. 
O’Hanlon, FlowDril Corp. published by SPE/IADC Drilling Conference publications, paper 
37579. 

A third significant effort at increasing rates of penetration by taking advantage of 
25 hydraulic horsepowei available at the bit was developed by the inventor who was issued US 
Patent Number 5,862,871 for the process. This development employed the use of a specialized 
nozzle to excite normally pressured drilling mud at the drill bit. The purpose of this nozzle 
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system was to develop local pressure fluctuations and a high speed, dual jet form of hydraulic 
jet streams to more effectively scavenge and clean both the drill bit and the formation being 
drilled; It is believed that these novel hydraulic j ets were able to penetrate the fracture plahe 
generated by the mechanical action of the drill bit in a much more effective maimer than 
5 conventional jet were able to do. Rate of penetration increases from 50% to 400% were field 
demonstrated and documented in the field reports titled “Dual Jet Nozzle Field Test Report - 
Security DBS/Swift Energy Company,” and ‘DualJet Nozzle Equipped M- 1 LRG Drill Bit 
Run”. The abihty of the dual jet (‘DualJetv) nozzle system to enhance the effectiveness of the 
drill bit action to increase the effective rate of penetration required that the drill bits first' 
10 initiate formation indentations, fractures, or both. These features could then be exploited by 
the hydrauhc action of the DuaUet nozzle system. 

Due at least partially to the effects of overburden pressure, formations at deeper depths 
may be inherently tougher to drill due to changes in formation pressures and rock properties, 
including hardness and abrasiveness. Associated in-situ forces, rock properties and increased : 
15 drilling fluid density effects may set up a threshold point at which the drill bit drilling 
mechanics changes from formation fracture inception to a work hardening effect upon the 
formation. Generated by indentation mechanics upon more plastic rocks such as typically 
found at deeper depths, the work hardening effects may cause flaking failure of the drilled 
formation surface by the drill bit, as opposed to fracture inception. Repeated compacting of 
20 the formation by the drill bit teeth may toughen the plastic-like formation encountered at 
deeper depths. The effectiveness of the DuaUet nozzle system in increasing rate of penetration 
in these toughened, more plastic formations was reduced due to a reduction in the generation 
of fractures and chip-like cuttings. Under these tougher drilling conditions, the process of chip 
generation was solely the function of the mechanical actionofthediillbit, resulting in reduced 
25 rate of penetration. If the mechanical actionof the drill bit could no longer incipiate formation 

fractures under these conditions, it became obvious that a hydraulic assist technology, which 
was thereby unable to effectively cut the formation, would be of little assistance. 
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: Another significant factor adversely effecting rate of penetration in formation d rilling; 
especially in plastic type rock drilling, such as shales, is a build-up of hydraulically isolated 
crushed rock material on the surface being drilled. This occurrence is predominantly a result 
of repeated impacting and recompacting of previously drilled particulate material on the 
5 bottom of the hole by the bit teeth, thereby forming a false bottom under the repeated 
impacting of the drill bit teeth. The substantially continuous process of drilling, 
recompacting, removing, re-depositing and recompacting and drilling new material may 
sigmficantly adversely effect drill bit efficiency and rate of penetration. The irecompacted 
material is at least partially removed by mechanical displacement due to the cone skew of 
10 the roller cone type drill bit and partially removed by hydraulics, again emphasizing the 
importance of good hydraulic action and hydraulic horsepower at the bit. For hard rock bits, 

' build-up removal by cone skew is typically reduced to near zero, which may make build-up 

removal substantially a fimctiori of hydraulics. 

The history of attempts to increase the rate of penetration as the well bore deepens 
15 illustrates a fundamental problem. This problem has been the inability to employ a means 
to generate formation fractures or formation disintegration under in-situ conditions at depth. 
There are no modem processes or practices currently available to the drilling industry that 
can drill at relatively high rates of penetration under “at depth” conditions. Therefore, there 
is a high demand for a drilling system capable of commercially drilling well bores at high 
20 rates of penetration in deep or tough formations. 

There have been many efforts to increase ROP by improving the mechanical and the 
hydraulic actions of the drill bit. When a drill bit cuts rock or formation, several actions 
; effecting rate of penetration and bit efficiency may be occurring. The bit teeth may be 
cutting, milling^pulverizing, scraping, shearing, sliding over, indenting and fracturing the 
25 formation the bit is encountering. The desired result is that formation cuttings or chips are 

: : generated and circulated to the surface by the drilling fluid. Other factors may also effect 
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5 and iterative development. These are the commonly known fixed cutter drill bit and the 
roller cone drill bit. Within these two primary categories, there are a wide variety of 
variations, with each variation designed to drill a formation having a general range of 
formation properties. 

The fixed cutter drill bit is generally employed to drill the relatively young and 
1 0 unconsolidated formations while the roller cone type drill bit is generally employed to drill 
the older more consolidated formations. These two categories of drill bits generally 




When a typical roller cone rock bit tooth presses upon a very hard, dense, deep: formation, 
v the tooth point may only penetrate into the rock a very small distance, while also at least 
15 partially, plastically “working” the rock surface. Under conventional drilling techniques, 

such working the rock surface may result in toughening the formation in such a way as to ; ; s 




compressive forces over the drilling surface, creating a toughened “skin” or “hard-face” on 
the formation. 



20 With roller cone type drilling bits, a relationship exists between the WOB, the 

number of teeth that impact upon the formation, and the drilling RPM. This relationship may 
be roughly equivalent to a “shots per second” factor in shot peening metals to alter the 
properties of the metal surface. Since WOB maybe relatively constant, the repeated pulsing 
action of the teeth upon the formation can cause work hardening of the formation and may 
25 thOTebyimpedhpehetrationbytherockbitintotheformation. Thiseffectmaybecomemore 
pronounced as formation depth, rock hardness and overburden forces increase. 



1 
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Subsequent increases in WOB may assist the rate of penetration; but may alsOresult 
in accelerated bit bearing wear, breakage of bit teeth, or both. Unanticipated changes in 
formation properties and formation drillability over the course cif the well bore may result: 
in a mismatch or less than ideal mix between bit type being used, controllable drilling 
5 parameters and formations actually encountered. Severe mismatches may result in 
accelerated bit wear, destruction, or both. Anticipation of such occurrences may result in the 
drilling operator operating the bit in a rather conservative mode to prevent damage to the bit 
and to avoid frequent bit replacements.; Such replacements require additional time and 
eqmpment, resulting in increased well bore expenses. 

Theoil and gas exploration and production industry: is projected to spend in excess 
of $100 billion dollars in the current FY2000 according to Arthur Anderson’ s - “Global E7P 
Trends” July 1999. As demonstrated, and from common knowledge within the oil and gas 
/ exploration and production industry, improvement in the rate of penetration in the drilling 
of a well bore can have a significant economic effect. 

15 An improved method for cutting or drilling subterranean formations is desired in 

order to reduce well or excavation costs through increased rates of penetration, reduced bit 
wear and reduced drilling time. It is also desired to increase the efficient use of hydraulic 
and mechanical energy at a drill bit in drilling or cutting such formations. The disadvantages 
of the prior art are substantially overcome by the present invention, and an improved method 
20/ |and system for cutting or drilling through subterranean formations are hereinafter disclosed. 
This invention has particular utility in drilling well bores, cutting tunnels, pipe chases and 
other subterranean formation excavations. 
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; : SUMMARY OF THE INVENTION 

A suitable method for drilling or cutting a subterranean formation according to the 
present invention includes concurrently engaging impactors with the formation being drilled 
while rotating a drill bit. In an exemplary application, a majority of the impactors may be 
5 substantially spherical steel shot having a mean diameter of from 0.150 to 0.25 0 inches. The 

impactors may be of sufficient mass and may be accelerated to sufficient velocity through 
a nozzle with which to impale into and/or engage the impactors with a formation and thereby 
effect substantial structural changes to the engaged formation. The anticipated formation 
changes to the formation matrix or structure are well beyond the changes that were possible 
10 with mere abrasives and/or high pressure fluids. The impactors of this invention 
| substantially have a higher mass and size than prior abrasive or jetting: particles^ however, 
they are accelerated substantially to a velocity lower than the velocities used in abrasive or 
j etting technology. The impactors of this invention may be a plurality of independent, solid ; ? : 
material, impactor bodies with a majority by weight of the impactors having a mean outer 
15 diameter of at least 0.100 inches. 

Impacting a formation with a relatively large impactor while drilling may beneficially 
alter the structural properties of the formation to a depth not possible under prior art, so as : 
to enhance the rate of penetration by the drill bit, through a number of combinations of both 
independent and inter-related mechanisms. These mechanisms include each of mechanical, 

20 thermal and hydraulic mechamsms, as disclosed in^e specification. Energyiimparted into 
the formation ahead of the bit by the impactors may indq>endently remove cuttings and 
formation, and may simultaneously and beneficially alter formation rock properties. The 
modified or altered formation may be more amenable to mechanical; and/or. hydraulic 
removal or cutting generation by rotational and gravitational energy in the bit teeth. 

25 Such altered formation may also be more amenable to removal by the kinetic energy 

in subsequent impactor and in the cutting fluid. In addition, the effect of the impactors upon 
the formation may enhance expenditure of hydraulic energy at the formation face to 
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hydraulically create and remove cuttings from the formation face. Impact from the impactor 
upon the formation may mechanically induce a plurality of micro-fractures, stress fractures 
or other formation deformations in the impacted area, which may then be more readily 
: hydraulically exploited. Such enhanced hydraulic action and mechanical deformations may 
5 reduce the work required by the bit teeth to both create and remove the formation cuttings, : 
thereby extending bit life while increasing the rate of penetration. 

Under prior art, the use of abrasive particles entrained within drilling fluid in drilling 
operations has been to relieve relatively small particles from the drilled surface. Under such 
operations, the relieved formation particles typically have a mass or size substantially equal 
10 or less than the mass or size of the abrasive particle. This disclosure is related to the use of 
relatively larger impactors with the significance event mechanism being formation 
; ; deformation, fracturing, structural alteration or propagation therein by the impactor. Such 
events may result in or create mechanical advantages, force point location changes, 
overburden stress relief in localized areas and dynamic mixing with the formation. One 
15 impactor may remove several hundred rock grains or particles. An additional benefit may 
be to cause a fundamental shift in the understanding and application of rock drilling 
mechanics, theories, and techniques. 

It is significant in this invention that a substantial portion of the mechanical 
advantages are obtained by impact mechanics as opposed to the abrasive mechanics of prior 
20 art. Impactors entrained within a drilling fluid are accelerated through one or more nozzles 
■ ; r : in or near the bit. Although generally accelerated to a lower velocity than prior art abrasives, 
due to their higher mass and larger size, a substantial portion by weight of the impactors may 
impact the formation ahead of the bit consistently with sufficient energy to structurally alter 
and/or at least partially penetrate into the formation, to a depth beyond the first two layers 
25 of encountered formation grain material or particles . In many instances, the impactors will 

be impacted into the formation to a depth several times the diameter of the impactor;; Such:- 
technique is significantly distinguishable from the abrasive and high-pressure hydraulic 
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methods of the prior art in that under prior art the formation was hot deformed beyond the 
first layer of fomiatiori grain material or particles. 

llie impactors may act independent from the cutting and compressing action of the 
bit, and the impactors may act in concert with the mechanical, cutting and compressing 
; ; 5 actions ofthe bit to further enhance rate of penetration. An impactor based drilling system 
for drilling well bores may be performed using substantially conventional drilling equipment 
■ as known and used in drilling well bores. A drilling rig including a fluid pump may p ump 
a drilling fluid down a drill string from the drilling rig to a drill bit. the drilling fluid may 
be pumped by a fluid pump, through the drill string and through one or more bit nozzles as 
10 the bit is rotated while in engagement with the formation. The drilling fluid and cuttings 
may be circulated substantially back to the surface where the drilling fluid may be separated 
from the cuttings, such that the drilling fluid may be recirculated in the well bore. Additional 
known equipment may also be provided, including an impactor pump, such as a progressive 
cavity pump, to pump a slurry including impactors into the drilling fluid stream. 

15 The impactors are geometrically larger than particulate material used for drilling or 

formation cutting under prior art, such as abrasives. In a preferred embodiment, the 
impactors are substantially spherical steel shot or BBs, having a mean diameter of at least 
0.100 inches. The impactors are typically pumped at conventionally low dr illin g fluid 
circulation pressures and typically exit the bit nozzle such that a majority by weight ofthe 
20 impactors exiting the nozzle may impact the formation at a velocity less than 750 feet per 
second. The momentum of the impactors provides sufficient energy at the formation face, 
even at the relatively low velocity, to effect the desired formation structural distortion, 
alteration, penetration and/or fracturing. A plurality of individual impactors may be 
introduced into the fluid system and subsequently engaged with the formation substantially 
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The plurality of solid material impactors may be introduced into the cutting or 
drilling fluid to circulate the impactors with the fluid, through the cutting or drill bit and into 
engagement with the formation. 

A cutting fluid or drilling fluid may be pumped at a pressure level and a flow rate 
5 level sufficient to satisfy an impactor mass-velocity relationship wherein a substantial 
portion by weight of the impactors may create a structurally altered zone in the formation. 
A substantial portion means at least five percent by weight of the impactors, and more 
particularly at least twenty-five percent by weight, and even more particularly, at least a 
majority by weight of the plurality of solid material impactors introduced into the drilling 
10 fluid. The structurally altered zone may have a structurally altered zone height in a direction 
perpendicular to a plane of impaction at least two times a mean particle diameter of particles 
in the formation impacted by the plurality of solid material impactors. 

It is an object of the present invention to provide an improved system and method for 

aformation, suchaswhen drillingawellbore. The techniques of this invention may 
15 facilitate drilling well bores or cutting earthen formations in a commercially improved 
manner. 

It is also an object of this invention to provide a method for drilling or cutting 
through formations with improved bit efficiency and rates of penetration. This invention 
k may provide techniques which may significantly improve bit: efficiency and rates of 
20 penetration. Such improvements may be realized dirough formation alteration^ mechanical 
; effects from both the impactors and the bit, and from improved use of hydraiffic power at the 
bit. 

It is further an object of this invention to provide improved methods of cutting of 
drilling through formations possessing a variety of formation properties. The methods and 
25 systems of this invention may be effectively applied to relatively sdft formations as well as 
relatively hard or conventionally difficult to drill formations. 

; ; A further object of this invention is to provide improved methods and systems for 
cutting or drilling through formations in a variety of applications. The methods and systems 
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of this invention may be applied to the drilling of well bore, such as used in oil and gas 
drilling, and geothermal drilling. In addition, the methods and systems of this inventionmay 
be effectively applied to mining, tunneling, cutting pipe chases, trenches, foundation piers 
and other earthen excavation operations. 

It is also an object of this invention to provide methods and systems for 



It is an 
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in the 

t. The impactors utilized by this 
invention are relatively large as compared to abrasive type particles. The introduction of 



15 properties of the formation matrix. Such altered matrix may subsequently be exploited 



20 



inches. Other embodiments may utilize even larger impactors. 
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non-convention nozzles, such as a dual jet 
or energize the impactors. 



25 



, or specially shaped. 
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andhigh compressive strength. Alternatively, other materialsmay be utilized which may 
possess desirable properties as appropriate to the application 'at hand. For example, a 
particular application may be best optimize by an impactor possessing a relatively high 
^surface area to weight ratio, or low density with high crush resistance. 

5 : It is a feature of this invention that the* required energy levels in the impactors may 

be achieved by relatively low impactor veiomties %the pbirrt^t^ 

at the point of impact may typically be less than 750 feet per second for impactors each 
having a; mean diameter in excess of 0.100 inches. ' 

Yet another feature of the invention that the impactors may create a structurally 
10 altered zone or matrix in the formation having an altered length, height, width, or any 
combination thereof, of at least two times a mean particle diameter of particles in the 
formation impacted by the impactor. The alteration may be due to the impactor impact, the 
interaction of the bit with the respective impactor, the interaction of multiple impactors, or 
any combination thereof. 

15 1 Another significant feature of this invention is that the impactors may facilitate 

leveraging the rotational and gravitational forces of the bit to act angularly or laterally within 
the formation being drilled or cut, to effect cutting generation. 

It is a feature ofdhs invention that the rate ofimpactor introduction into the drilling : 
fluid may be altered as desired, or as determined from drilling parameters or formation 
20 characteristics. For example, when drilling a well bore, relatively fewer impactors may be 
desired when drilling a hard formation as compared to the number of impactors desired when 
drilling a relatively gummy formation. 

It is also a feature of this invention that the methods and systems of this invention 
may be applied to many subterranean excavation, cutting and/or drilling operations. 
25 Applicable operations may include drilling a well bore in the oil and gas industry, 
geothermal wells, tunnels, pipe chases, foundation piers, or other earthen penetrations. 
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It is an advantage of this invention that the invention may generally utilize existing} 
drilling rig equipment. Additional known equipment maybe included, such as an impactor : 
source vessel, impactor mixing vessel; an impactor slurry pump and line, and an impactor 
introduction port. For example, the introduction port may be a port on the gooseneck above 
5 a rotary swivel. 

It is also an advantage of the invention that very little additional training or skill may 
be required of the crews operating the drilling rig. Some experience and skill may otherwise 
be useful in adjusting the impactor introduction rate. However^ even impactor rate 
adjustment may not require much more skill than other related drilling decisions, such as 
10 weight on bit, rotary speed, pump rate and pump pressure. Such determinations are regularly 

} } made during drilling and cutting operations. 

; Yet another advantage of this invention is that it may be practiced utilizing equipment 
that is known in the drilling and formation cutting industries; Although some known 
equipment may be adapted that would not otherwise have been adapted for use with this 
15 invention, theinvention does rely upon novel equipment for an operation embodiment. For 

example, a progressive cavity pump may pump the impactor slurry and a drill bit may utilize 
a standard; size set of bit nozzles. } 

; Still a further advantage of the invention that the footage drilled by a given drill bit 
may be significantly increased and that bit life may be extended by reducing the amount of 
20 work per unit time and work per unit distance that the bit must perform. Such advantages 
may also reduce rig time by reducing the number of bit trips required to change drill bits. 

A significant advantage of this invention is that the additional costs for including this 
invention in a drilling or cutting operation may be relatively nominal as compared to the total 
drilling costs. In addition, the additional costs may be significantly offset by the increased 



25 rates of penetration and decreased rig time. 




or shapes but rather controlled by the physical and material sciences of force, velocity, 
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melting points, rock properties; ; mechanics,:: hydraulics,: compressive and fracture ■ 
! characteristics, ; porosity , -etc; This invention may be applied broadly and to other fields of 
endeavor where the cutting of earthen formations or other materials, such as concrete, by 
impact mechanics rather than abrasion is important. These and further objects, features, and 



10 
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BRIfiF DESCRIPTION OF THE DRAWINGS 

. Fig. 1; is an isometric view of a drilling system as used in a preferred embodiment. 

5 Fig. 2 illustrates an impactor impacted with the formation, creating a cavity, a 

structurally altered compressive “spike” ahead of the impactor and a structurally altered 
zone in the formation in the vicinity of the impact. 

Fig. 3 illustrates an impactor embedded into the formation at an angle to a normalized 
10 surface plane of the target formation, which is embedded to a depth of approximately twice ' 

the diameter of the impactor, further illustrating material ejected near the formation surface 
as a result of the impact, a structurally altered zone and a compressive spike ahead of the 
impactor. 

15 Fig. 4 illustrates an impactor impacting a friable or fracturable formation with a 

plurality of fractures induced by the impact, and a structurally altered zone in the vicinity of 
Y ;Y the impacted formation. 



Fig. 5A illustrates an impactor propagated into the formation thereby creating a 
20 partial excavation near the surface and an altered zone in the vicinity of the impactor, and 
further illustrates a drill bit tooth positioned substantially above the impactor. 

Fig. 5B illustrates the view illustrated in 5 A at later point in time wherein the bit 
- tooth has engaged the impactor, thereby skewing the impactor down and to the left, further 
25 altering the structurally altered zone. Further illustrated is the excision of a significant sized 
cutting by the laterally directed resultant forces from the forces imposed upon the impactor 
by the tooth skewing the impactor. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Methods and systems are disclosed for cutting a subterranean formation 52 with a 
drill bit 60. Fig. 1 illustrates a suitable embodiment for a drilling system including solid 
impactors 100 to engage the subterranean formation 52 in cooperation with a drill bit 60 to 
5 cut the formation 52. The rate of penetration of a drill bit 60 through a formation maybe 
substantially increased with the methods and systems of this invention. In considering the 
mechanics of this invention and the surprisingly improved rates of penetration obtained in 
experimentation, several theories are advanced herein to explain a portion ofthe improved 
rates. This invention may afford combined;; or separate benefits from each of two 
10 fundamental engineering sciences to achieve the improved penetration rates: ■ (1) Impact 
mechanics affording a dynamic contribution, and (2) force concentration and leveraging 
mechanics affording a substantially static contribution. 

A broad theme of this invention may be summarized as creating a massrvelocity 
r in aplurality of solid material impactors 100 transported in a fluid system, such 

15 thatasiibstantialportionby weight ofthe impactors 100 may each have sufficient energy to 
structurally alter a targeted formation 52 in a vicinity of a point of impact Preferably, the 
structurally altered zone 124 may be altered to a depth 132 of at least two times the mean 
diameter of the particles 1 50 in the formation 52. The mean diameter of particles 150 in the 
: ; formation 52 may be detemiinedby estabUshed staiidju’ds for grading and sizing formation 
20 particles 150. For example sizing and grading may be determined by United States 
Geological Service sizing and sieve grading. A substantial portion means at least five percent 
by weight of the plurality of solid material impactors, and more particularly at least twenty- 
five percent by weight of the plurality of solid material impactors introduced into the drilling 
fluid. Even more particularly, substantial portion means at least a majority by weight ofthe 
25 plurality of solid material impactors introduced into the drilling fluid. 

A formation particle 150 may be defined as the most basic granular or crystalline 
structure that comprises a portion of the formation matrix. For simplification purposes, Fig. 
2 illustrates a plurality of formation particles 150 arranged very simply in layers and the 
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smooth, planar surface. It will be understood by tho.se skilled in the art that many different 
particle 150 sizes, sorting distributions, packing arrangements and layering may be 
5 encountered in formations 52. It will also be understood that in most circumstances, the 
plane of impaction 66 may rarely be perfectly planar, but rather at a granular level may be 
composed of various undulations, discontinuities and/or irregularities. However, it is 



10 claims, 
such as 



may effect a 



a perfectly smooth, planar surface. Such effectiveness is a portion of the essence of the 
performance of this invention. 



15 



of surface 66 of a formation 52. Each of the individual impactors 100 are structurally 
independent from the other impactors. For brevity, the plurality of solid material impactors 
100 may be interchangeably referred to as simply the impactors 100. A substantial portion 



20 



drill bit 6Q. 



25 



, formed 



as steel shot, ceramics, < 

100 are solid material impactors as opposed to fluid material impactors. Although in a 
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preferred embodiment the solid material impactors are substantially a non-hollow sphere, 
alternative embodiments may provide for solid material impactors, which may include a 
impactors with a hollow interior. 

A majority by weight of the impactors applicable to this invention are dimensionally 
5 larger and of a relatively greater mass than particles used under prior art technology, such 

as abrasive jetting. The impactors 100 may be selectively introduced into a drilling fluid 
circulation system, such as illustrated in Fig. 1 , near a drilling rig 5, circulated with the 
drilling fluid (“drilling mud”) to the drill bit 60 positioned in a well bore 70, and accelerated 
through at least one nozzle in the drill bit 60. 

1 0 Referring to Figs. 1 through 5B, a substantial portion by weight of the impactors 1 00 

• may engage the formation 52 with sufficient energy to enhance creation of a well bore 70 
through the formation 52 by any or a combination of different mechanisms. In a first 
mechanism, an impactor 1 00 may directly remove a larger portion of the formation 52 than 
may be removed by abrasive type particles. In another mechanism, an impactor 100 may 
15 penetrate into the formation 52 without removing formation material from the formation 52. 

A plurality of such fomiation penetrations, such as near and along an outer perimeter of the 
well bore 70 may relieve a portion of the stresses on a portion of formation being cut or 
drilled, which may thereby enhance a drilling or cutting action of the bit 60. 

In yet another mechanism, an impactor 1 00 may alter one or more physical properties 
20 of the formation 52 ahead of the bit 60. Such physical alterations may include creation of 
micro-fractures arid increased brittleness or density in a portion of the formation 52, which 
may thereby enhance effectiveness the bit 60 in drilling or cutting the formation. 

An additional mechanism that may enhance drill bit effectiveness may inchide 
engaging a single impactor or a “stack” of impactors with a dKll bit tooth 108 tpleverage, 

25 wedge, pry or otherwise cause one or more of the impactors to re-orient a portion of the 
weight-on-bit (WOB) force. The reoriented force maybe imposed upon the formation 52 
in one or more directions of lower resisting stress, such as laterally or substantially transverse 
to a borehole axis 75 near the bit 60. Thereby a portion of formation 52 may be removed 
directly by the WOB force, or alter one or more formation characteristics to facilitate 
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subsequent removal hydraulically and/or by the drill bit 60. These and other mechanisms 
are discussed below, in more detail. / 

Fig. 1 illustrates an embodiment of a portion of a drilling rig 5 according to the 
present invention, particularly illustrating a drilling fluid circulation system, including a drill 
5 bit 60 and drill string 55. A well bore 70 is illustrated, cut or drilled through a subterranean 
formation 52 with a drill bit 60 at the bottom of the well bore 70. The drill bit 60 may be 
attached to a drill string 55 comprised of drill collars 58, drill pipe 56; and kelly 50. An 
upper end of the kelly may interconnected with a lower end of a swivel quill 26. An upper 
end of the swivel quill may be rotatably interconnected with a swivel 28. The swivel 28 may 
10 include a top drive assembly (not shown) to rotate the drill string 55. The drill bit 60 may 
engage a bottom surface 66 ofthe well bore 70. The swivel 28, the swivel quill 26, the kelly 
50, the drill string 55 land a portion of the drillbit 60 each may include an interior passage 
that allows drilling mud to circulate through each of the aforementioned components. 

: Drilling fluid may be withdrawn from a mud tank 6,; pumped by a mud pump 2, through a 
15 through median pressure capacity line 8, through a medium pressure capacity flexible hose 

42, through a gooseneck 36, through the swivel 28, through the swivel quill 26, through the 
kelly 50 located on top of a drill string, and through the drill string 55 and through the bit 60. 

The solid material impactors 100 may be introduced, such as by being pumped ;or 
displaced, into the drilling fluid at a convenient location near the drilling rig 5, such as 
20 through an injector port 30 in the goose neck 36. Impactors 100 may be provided in an 
impactor storage tank 94. A screw elevator 14 may transfer a portion of the impactors at a 
selected rate from the storage tank 94, into a slumfication tank 98. A pump 10, preferably 
such as a progressive cavity pump may transfer a selected portion of the drilling fluid from 
a mud tank 6, into the slumfication tank 98 to be mixed with the impactors 100 in the tank 
25 98 to form an impactor concentrated slurry. The impactor concentrated slurry may be 

pumped at a selected rate and pressure with a pump 96 capable of pumping the impactor 
concentrated slurry, such as a progressive cavity pump, through a slurry line 88, through a 
slurry hose 38, through an impactor slurry injector head 34 and through an injector port 30 
located on the gooseneck 36. 
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When introducing impactors 1 00 into the drilling fluid, the rate of drilling fluid 
pumped by the mud pump 2 maybe reduced to arate lower than the mud pump 2 is capable 
of efficiently pumping. In such evenly a lower volume mud puinp 4 may pump the drilling 
fluid through a medium pressure capacity line 24 and through the medium pressure capacity ? 

5 flexible hose 40. 

Pump 4 may also serve as a supply pump to drive the introductioh of impaCtbrs lOO l 
entrained within an impactor slurry, into the high pressure drilling fluid stream pumped by 
mud pumps 2 and 4. Pump 4 may pump a percentage of the total rate drilling fluid being 
pump by both pumps 2 and 4, such that the fluid pumped by pump 4 may create a venturi 
10 effect and/or vortex within the injector head 34 by which to induct the impactor slurry being 

conducted through line 42, through the injector head 34, and then, into the high.pressure 
drilling fluid stream. 

From the swivel 28, the slurry of drilling fluid and impactors (“slurry”) may circulate 
through the interior passage in the drill string 55 and through the drill bit 60. At the drill bit 
15 60, the slurry may circulate through at least one bit nozzle 64 in the drill bit 60. The bit 

nozzles 64 may include a reduced inner diameter as compared to an inner diameter of the 
interior passage in the drill string 55 immediately above the drill bit 60. Thereby, the nozzles 
64 may accelerate the velocity of the slurry as the slurry passes through the nozzles 64. The 
nozzles 64 may also direct the slurry into engagement with a selected portion of the bottom 
20 surface 66 of well bore 70. 

•••■ The bit 60 may be rotated relative to the formation 52 and engaged therewith by an 
axial force (WOB) acting at least partially along the well bore axis 75 near the drill bit 60. 
The bit 60 may include a plurality of bit cones 62, which also may rotate relative to the bit 
60 to cause bit teeth 108 secured to a respective cone to engage the formation 52, which may 
25 generate formation cuttings substantially by crushing, cutting or pulverizing a portion of the 

formation 52. The bit teeth 108 may also be comprised of fixed Cutter teeth which may be 
substantially continuously engaged with the formation 52 and create cuttings primarily by 
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. shearing and/or axial force concentration to fail the formation, or create cuttings from the 
formation 52. 

As the slurry is pumped through the nozzles 64, a substantial portion by weight of | 
the impactors 100 may engage the formation with sufficient energy to enhance the rate of 
5 formation removal or penetration (ROP) by the drill bit 60, such as through one of the 
mechanisms discussed previously/ The formation removed by the drill bit; the drilling fluid 
and/or the impactors may be circulated from within the well bore 70 near the drill bit 60, and 
carried suspended in the drilling fluid with at least a portion of the impactors, through a well 
bore annulus between the OD of the drill string and the ID of the well bore 70. At the rig 
1 0 the returning slurry of drilling fluid, formation fluids (if any), cuttings and impactors 1 00 

may be diverted at a drilling nipple 76* which may be positioned on a BOP stack 74. The 
returning slurry may flow from the drilling nipple 76; into a return flow mud line 15, which 
maybe comprised of tubes 48, 45,1 6, 1 2 and flanges 46, 47. In a preferred embodiment, the 
mud return line 15 may include an impactor reclamation tube assembly 44, as illustrated in 
15 Fig 1, which may preliminarily separate a majority of the returning impactors 100 from the 
remaining components ofthe returning slurry. Drilling fluid and other components entrained ; 
within thedrilling fluid maybe directed across a shale shaker (not shown) or into a mud tank 
6, whereby the drilling fluid may be further processed for re-circulation into a well bore. 

The reclamation tube assembly 44 may operate by rotating tube 45 relative to tube 
20 16. An electric motor assembly 22 may rotate tube 44. The reclamation tube assembly 44 

comprises an enlarged tubular 45 section to reduce the return flow slurry velocity and allow 
the slurry to drop below a terminal velocity ofthe impactors, such that the impactors 100 can r 
no longer be suspended in the drilling fluid and may gravitate to a bottom portion of the tube 
45. This separation function may be enhanced by placement of magnets near and along a 
25 lower side ofthe tube 45. The impactors 100 and some ofthe larger or heavier cuttings may 
be discharged through discharge port 20. The separated and discharged impactors 100 and 
solids discharged through discharge port 20 may be gravitationally diverted into a vibrating 
classifier 84 or may be pumped into; the classifier 84. A pump (not shown) capable of 
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handling impactors and solids, such as a progressive cavity pump may be situated ini 
communication with the flow line discharge port 20 to conduct the separated impactors k 
selectively into the vibrating separator 84 or elsewhere in the drilling fluid circulation 
; system. ' 

5 The reclamation tube assembly 44 may separate a portion of the returned impactors 

100, a portion of other solid materials such as formation cuttings,andaportionof the drilling 
fluid, each of which may be directed into the top of a vibrating classifier 84. The vibrating 
classifier 84 may be a type such as commonly used in the mining industry whereby vibrating 
screens may classify the impactors and solid material into various grades according to 
1 0 • coarseness or size. A selected portion of the classified materials may bd retained for re-use 
such as impactors 100 in a select size range. 

In a preferred embodiment, the vibrating classifier 84 may comprise a three screen 
section classifier of which screen section 1 8 may remove the coarsest grade material. The 
removed coarsest grade material may be selectively directed by outlet 78 to one of storage 
15 bin 82 or pumped back into the flow line 15 downstream of discharge port 20. A second 
screen section 92 may remove a re-usable grade of impactors 100, which in turn may be 
directed by outlet 90 to the impactor storage tank 94. ; A third screen section 86 may remove 
the finest grade material from the drilling fluid. The removed finest grade material may be 
selectively directed by outlet 80 to storage bin 82, or pumped back mto the flow line 15 at 
20 a point downstream of discharge port 20. Drilling fluid collected in a lower portion of the 
classified 84 may be returned to a mud tank 6 for re-use. 

A majority by weight of the plurality of solid material impactors 100 for use in this 
invention are preferably at least 0. 100 inches in mean diameter. More preferably, a majority 
by weight of the impactors 100 may be at least 0. 125 inches in diameter and may be as large 
25 as 0,333 inches in mean diameter. Even more: preferably, a majority by weight of the 
impactors 100 may be at least 0.150 inches in mean diameter and may be as large as 0.250 
inches in mean diameter. 

A majority by weight of the impactors 1 00 preferably may be accelerated to a 
velocity of at least 200 feet per second, at substantially the point of impact with the * 
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fonnation 52 . ; More preferably the impactors a majority by weight of the impactors 100 may 
be accelerated to a velocity of at least 200 feet per second and as great as 1200 feet per 
second, at substantially at the point of impact. Even more preferably, a majority by weight 
of the impactors 100 may be accelerated to a velocity of at least 350 feet per second and as 
5 great as:750 feet per second, substantially at the point of impact. Still even more preferably, « 

a maj ority by weight of the impactors 1 00 may be accelerated to a velocity of at least 3 50 
feet per second and as great as 500 feet per second, substantially at the point of impact. It 
maybe appreciated by those skilled in the art that due to the close proximity of a bit nozzle 
60 to the formation being impacted, such as in a bit providing extended nozzles or extended 
1 0 nozzle skirts, the velocity of a majority of impactors 1 00 exiting the bit nozzle 60 may be 
substantially the same as a velocity of an impactor 100 at a point of impact with the ; 
fonnation 52. Thus, in many practical applications, the above veloci^ values? may bej 
determined or measured at substantially any point along: the path between near an exit end 
of a bit nozzle 60 and the point of impact, without material deviation from the scope of this 
15 invention. Likewise, those skilled in the art will also appreciate that losses in velocity of 
fluid moving between the bit nozzle and the formation may be exponential? due at least in 
part to fluid expansion and diffusion. Velocity losses in an impactor will also occur, 
however, because an impactor 100 does not substantially deform, velocity losses in the 
impactor 100 may not be as significant as losses in the fluid. Thereby, where the standoff 
20 distance between the formation and the bit npzzleis significant, the velocity of an impactor: 
100 should be defined as the velocity of the impactor 100 at or near the formation, 
immediately prior to impact with the formation 52. 

The impactors 100 are preferably, substantially spherically shaped, rigid, solid 
material, non-hollow, metallic impactors, such as steel shot. The impactors may be 
25 substantially rigid and may possess relatively high compressive strength and resistance to 
crushing or deformation as compared to physical properties or rock properties of a particular 
formation or group of formations being penetrated by the well bore 70.; 
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Impactors 100 may be selected based upon physical factors such as size, projected 
velocity, impactor strength, formation 52 properties and desired impactor concentration in 
the drilling fluid. Such factors may also include; (a) an expenditure of a selected range of 
hydraulic horsepower across the one or more bit nozzles, (b) a selected range of drilling fluid 
5 velocities exiting the one or more bit nozzles or impacting the formation, and (c) a selected 
range of solid material impactor velocities exiting the one or more bit nozzles or impacting 
the formation, (d) one or more rock properties ; of the formation being drilled, or (e), any 
combination thereof. 

Fig. 2 illustrates an impactor that has been impaled into a formation 52, such as a 
10 lower surface 66 in a well bore 70. For illustration purposes, the surface 66 is illustrated as 
substantially planar and transverse to the direction of impactor travel 130. A substantial 
portion by weight of the impactors 100 circulated through a nozzle 60 may engage the 
formation with sufficient energy to effect one or more rock properties of the formation. The 
formation may be altered or effected to an altered zone depth 132, measured normal to a 
15 plane of impaction 66 of at least two times the mean diameter of particles 150 of the 
formation 52, in the immediate vicinity of the point of impact. Reference number 152 and 
the associated generally, a depth normalto the plane of impaction 66 that 

is two times the mean diameter of particles 150 in the formation 52. 

According to some theories, a portion of the formation ahead of the impactor 100 
20 substantially in the direction of impactor travel 130 may be altered such as by increased 
density, micro-fracturing and/or thermal alteration due to the impact energy, which may 
result in a compressive spike 102. The compressive spike may have a spike length 134. In 
such occurrence, the altered zone 1 24 may include an altered zone depth 1 32. The density 
of the spike 102 may be increased to substantially the density of the impactor 100 and may 
25 be at least four times the diameter of the impactor 100 in spike length 134. 

An additional area near a point of impaction may be altered, such as by the creation 
of micro-fractures 106, and may be referred to as an altered zone 1 24 . The altered zone 124 
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may be broken or other wise altered due to the impactor and/or a drill bit 60, such as by 
crushing, fracturing or micro-fracturing 106. Due at least partially to one or more altered • 
formation properties, subsequent interaction between the compressive spike 102 and an ^ 
additional impactor and/or a tooth 108 on a drill bit, the compressive Spike 102 may act as 
5 a wedge which may be driven further into the formation 52 ahead of the drill bit 60. 

In circumstances wherein an impactor 100 may be postured as shown in Fig. 2, 
wherein at least a portion of the impactor may be positioned above a formation plane of 
impaction 66, a tooth 108 and/or cone 62 on a bit 60 may subsequently engage the impactor 
100, as illustrated in Figs. 5 A and 5B. Such engagement may enhance formation cutting 
10 and/or bit performance by permitting a substantial portion of the WOB to be focused in the 

impactor and in the engaged formation. 

Fig; 2 also illustrates an impactor implanted into a formation 52 and haying created 
. a crater 120 wherein material has been ejected from or crushed beneath the impactor. 
Thereby a void or crater may be created, which as illustrated in Fig. 3 may generally conform 
15 to the shape of the impactor 100. Figs. 3 through 5B illustrate craters 120 or voids 120 

where the size of the crater may be larger than the size of the impactor 100. In Fig. 2, the . 
impactor 100 is shown as impacted into the formation 52 yielding a crater depth 109 of a 
slightly less than one-half the diameter of the engaged impactor 100. 

Fig; 3 illustrates an incident of ^interaction between an impactor 100 and a formation 
20 • :;52, wherein the impactor 100 engaged the foriiiation;;52xat :an ^gle ; pther:;thah normal to 
formation surface plane 66. The impactor 100 may penetrate into the formation 52 to a 
penetration depth 132 of several times a mean grain diameter 150. A compressive spike Or 
zone 1 02 may be created ahead of the impactor in the direction of impactor travel 1 3 0, and 
an altered zone 124 may be created near a point of impaction. An excavated portion 120 
25 may be created by the impact of the impactor 1 00 with the formation 52, which may result 

in the generation of cuttings or pulverized particulate material ejected and/or hydraulically 
removed from the formation 52. 
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An additional theory for impaction mechanics in cutting a formation may postulate 
: ' that a compressive spike may not be created in certain formations. Certain formations 52 
may be highly fractured or broken up by impactor energy. Fig. 4 illustrates an interaction 
between an impactor 100 and a formation 52. A plurality of fractures 116 and micro- 
5 fractures 1 06 may be created in the formation 52 by impact energy. Formation properties 
may be altered to an altered zone depth 1 32, which may be several times the mean diameter 
of the respective impactor 100. 

Fig. 5A may be illustrative of an incidence of impaction wherein a portion of 
formation 1 20 has been removed by the impaction energy. A formation altered zone 124 
10 may be created in the vicinity of the point of impaction. An axial position of the impactor 

may be represented by center line 111. An axial position of a bit tooth 108 may be 
: represented by center line 112. ! The bit tooth may substantially be moving toward the f 
formation surface plane 66 along centerline 112. 

Fig. 5B may illustrate the incident illustrated in 5 A, at a later point in time, wherein 
15 the bit tooth 1 08 has engaged the impactor 100. Such engagement may result in the impactor 

being further displaced within the formation 52. For example, as illustrated in Fig. 5B, the 
bit tooth may cause the impactor 100 to be displaced downward and to the left, as viewed in 
Fig. 5B. The distance between centerline 111 and centerline 112 is greater in Fig. 5B, than 
the distmce between the centerlines at an earlier period in time, as illustrated in' Fig. '5 A, 
20 : illustrating lateral displacement of the impactor 100. 

Displacement of the impactor 100 from the engagement with the bit tooth 108 may 
serve to direct a portion of engagement forces, including a portion of each of WOB and 
rotational forces, laterally into the adjacent formation. In addition, the impactor may be ; 
dragged, pushed, or otherwise displaced laterally substantially ahead of the bit tooth. A 
25 displaced portion of formation 114 may be removed due to the combined actions of the bit 
tooth 108 and the engaged impactor 100. The engaged impactor 100 may be skewed 
laterally and/or downward by force in the bit tooth 108, which may also enlarge the altered 
zone 124. Excavated formation may include void space 120 plus cross-hatched area 114. 
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An engaged impactor 100 may be substantially an extension of the bit 60 and may 
further be substantially an extension of the bit 60 which is advantageously positioned from 
at least partially below a planar surface 66 of the formation 52 being cut. Under certain 
angles or incidences of contact, the force applied to a particular impactor 1 00 may be a 
5 substantial portion of the available WOB and/or available torque at the bit 60. 

Wherein multiple impactors 100 may be entrained in a formation 52, the mechanical 
bit tooth-to-impactor and impactor-to-impactor interactions may multiply the effects 
demonstrated above with a single impactor 100. A plurality of impactors 100 may be 
engaged simultaneously by one or more bit teeth 108. 

10 The effected formation structural alterations also may enhance expenditure of 

hydraulic energy at the formation face 66 to hydraulically remove pieces of the formation 
52 as cuttings. Impact energy from a respective impactor 100 upon the formation 52 may 
mechanically create a plurality of micro-fractures 106 or other formation structural 
alterations in or near the impacted area. Thereby, the effected formation 52 may be more 
15 readily exploited by simultaneous hydraulic energy coincident with impactor 1 00 dynamics. 

Such enhanced hydraulic action and mechanical alterations to the formation 52 may reduce 
the work required by bit teeth 108 to both create and remove the formation cuttings, thereby 
extending bit life while increasing the rate of penetration. 

Referring to Figs. T through 5B, this invention includes a method of cutting a 
20 subterranean formation 52 using a drilling rig 5, a drill string 55, a fluid pump 2 and/or 4, 
located substantially at the drilling rig 5, a cutting -fluid and:plurality of solid material 
impactors 100. The drill string 55 may include a feed end 210 located substantially near the 
drilling rig 5 and a nozzle end 215 including a nozzle 64 supported thereon. In an 
embodiment including a cutting bit 60 interconnected with the drill string, the nozzle end 215 
25 may be a bit end 215 and may include a cutting bit 60 supported thereon. A preferred 
embodiment may include a drill bit 60 supported on the bit end 215 of the drill string 5 5, and 
the drill bit 60 may include at least one nozzle 64 therein. 

Although a preferred application of the method may be to drill a well bore 70, the 
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C : xf method is not limited to drilling a well bore 70. The method may be applicable to excavating 
a tunnel, a pipe chase, a mining operation, or otiier excavation operation wherein earthen 
material or formation may be cut or drilled for removal; The cutting bit 60 may be:a roller 
cone bit, a fixed cutter bit, an impact bit, a spade bit, a mill, a mining type rock bit, or other 
5 implement for cutting rock or earthen formation. 

The method may comprise providing the cutting bit 60 with at least one nozzle 64 
such that a velocity of the cutting fluid while exiting the cutting bit 60 is substantially greater 
than a velocity of the cutting fluid while passing through a nominal diameter flow path in the 
bit end 21 5 of the drill string 55, such as through drill collars 58. 

10 The cutting fluid may be circulated from the fluid pump 2 and/or 4, such as a positive 

displacement type mud pump; through one or more drilling fluid conduits 8, 24, 40; 42, into 
the feed end 210 of the drill string 55. The cutting fluid may also be circulated through the 
drill string 55 and through the cutting bit 60. The cutting fluid may be pumped at a selected 
circulation rate and/or a selected pump pressure to achieve a desired impactor and/or drilling 
1 5 fluid energy at the bit 60. The cutting fluid may be a drilling fluid, which is recovered for 

recirculation in a well bore or the cutting fluid may be a fluid that is substantially not 
recovered. The cutting fluid may be a liquid, a gas, a foam, a mist or other substantially 
continuous or multiphase fluid. 

The plurality of solid material impactors 1 00 may be introduced into the cutting fluid 
20 to circulate the plurality of solid material impactors 100 with the cutting fluid through the 

cutting bit 60 and engage the formation 52 with each of the cutting fluid and the plurality of 
solid material impactors 100. 

A cutting fluid or drilling fluid may be pumped at a pressure level and a flow rate 
level sufficient to satisfy an impactor imass^velocity relationship wherein a substantial 
25 portion by weight of the plurality of solid material impactors 100 may create a structurally 

altered zone 1 24 in the formation 52. The structurally altered zone 124 may have a 
structurally altered zone height 132 in a direction perpendicular to a plane of impaction 66 
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at least two times a mean particle diameter of particles 150 in tte formation 52 impacted by 
the plurality of solid material impactors 100. The mass-velocity relationship may be 
satisfied as sufficient when a substantial portion by weight of the solid material impactors 
100 may by virtue of their mass and velocity at the moment of impact with the formation 
5 100, create a structural alteration as claimed or disclosed herein. 

The plurality of solid material impactors 1 00 may be introduced into the cutting fluid 
at substantially any convenient location near the drilling rig 5. The drilling rig 5 may be a 
rig such as for drilling well bores, a tunnel borer, a rock drill for cutting blast holes, or other 
subterranean excavation apparatus. Substantially concurrent to impactor 100 introduction 
10 into the drilling fluid stream that is being circulated to the cutting bit 60, the introduced 
impactors 100 are also circulated with the drilling fluid to the cutting bit 60. A drill bit 60 
may be a cutting bit • 

The cutting bit 60 may be rotated while engaging the formation 52 to generate 
formation cuttings. The cutting fluid may be substantially continuously circulated during; 
15 drilling operations to circulate at least some of the plurality of solid material impactors 100 

and the formation cuttings away from the cutting bit 60 and/or the bit nozzle 64. The 
impactors and fluid circulated away from the bit 60 and/or nozzle 64 may be circulated 
substantially back to the drilling rig 5, or circulated to a substantially intermediate position 
between the drilling rig 5 land the > h»it 60 and/or nozzle 64; Rotating ^ 

20 ;; include oscillating the cutting bit 60 rotationally back and forth, and may further include 
rotating the bit in discrete increments. 

Preferably, a majority by weight of the solid material impactors 100 may have a 
density of at least 230 pounds per cubic foot and a diameter in excess of 0. 1 00 inches. More 
preferably, the majority by weight of the solid material impactors 100 may have a density 
25 of at least 470 pounds per cubic foot and a diameter in excess of 0. 1 00 inches. 

As known in the formation drilling and cutting industries, to cut a formation 52, the 
cutting implement, such as a drill bit 60 or impactor 100, must overcome minimum, in-situ 
stress levels or toughness of the formation 52. These minimum stress levels are known to 
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typically range from a few thousand pounds per square inch; to in excess of 65,000 pounds 
per square inch. To fracture, cut or plastically deform a portion of formation 52, forces 
exerted on that portion of the formation 52 typically should exceed the minimum, in-situ 
i stress threshold of the formation 52. The larger the area the force is acts- upon, the larger 
5 deformation or cutting chip generation may be effected thereby. When an impactor 100 first 

initiates contact with a formation, the force exerted upon the initial contact point may be 
much higher than 10,000 pounds per square inch, and may be well in excess of one million 
pounds per square inch. As the impactor continues to engage the formation 100, the 
imp actor should have sufficient energy to exceed the minimum formation stress threshold 
10 and create a structurally altered zone 124 to a depth of in excess of two grain layers into the 
formation 52, near the impacted area. The impacted area may be an area corresponding to 
a maximum diameter of a portion of an impactor 100 that engages the formation face 66. 

In this invention, a substantial portion by weight of the plurality of solid material 
impactors 100 may apply at least 5000 pounds per square inch of energy to a formation 52 
15 to create the structurally altered zone 124 in the formation. Further, the impactor 100 may 
apply in excess of 20,000 pounds per square inch of energy to the formation 52 to create the 
structurally altered zone 124 in the formation. The structurally altered zone 124 should 
include s structurally altered height 132 in a direction perpendicular to a plane of impaction 
66 at least two times a mean particle diameter of particles 150 in the formation 52 impacted 
20 by the plurality of solid material impactors 1 00. Preferably, the mass-velocity relationship 

of a substantial portion by weight of the plurality of solid material impactors TOO may 
provide at least 5000 pounds per square inch of force per area impacted by a respective solid 
material impactor. A majority by weight of the plurality of solid material impactors 100 
preferably have a diameter in excess of 0.100 inches. 

25 More preferably, the mass- velocity relationship of a substantial portion by weight of 

the plurality of solid material impactors 100 may provide at least 20,000 pounds per square 
inch of force per area impacted by a respective solid material impactor 100. A majority by 
weight of the plurality of solid material impactors 100 preferably have a diameter in excess 
of 0.100 inches. 
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Even more preferably, the mass-velocity relationship of a substantial portion by 
: weight of the plurality of solid material impactors 100 provide at least 30,000 pounds per 
| square inch Of force per area impacted by a respective solid material impactor. A majority 
by weight of the plurality of solid material impactors 100 preferably have a diameter in 
5 excess of 0.100 inches. In each of the above force transfers; a structurally altered zone may 

be created by a substantial portion by weight of the solid material impactors 1 00 to create a 
structurally altered zone 132 to a depth of at least two grain layers deep into the formation 
52, near a respective point of impact. Each grain layer may have a height equal to the mean 
diameter of particles 150 in the formation 52. A substantial portion means at least five 
10 percent by weight of the plurality of solid material imp actors, and more particularly at least 
twenty-live percent by weight of the plurality of solid material impactors introduced into the 
drilling fluid. Even more particularly, substantial portion means at least a majority by weight 
of the plurality of solid material impactors introduced into thejdrilling fluid. 

A substantial portion by weight of the plurality of solid material impactors 1 00 may 
15 create a structurally altered zone 124 in the formation 52 having a structurally altered zone 
height 1 32 in a direction perpendicular to a plane of impaction 66 at least four times a mean 
particle diameter of particles 150 in the formation 52 impacted by the plurality of solid 
material impactors 100. More preferably, a substantial portion by weight of the plurality of 
solid material impactors 100 may create a structurally altered zone 124 in the formation 52 
20 f having a structurally altered zone height 132 in a direction perpendicular to a plane of 
impaction66atleast eighttimes ameanparticlediameter ofparticles 150 inthe formation 
: 52 impacted by the plurality of solid material impactors 100. 

A majority by weight of the soM material impactors 100 may have a velocity of at 
least 200 feet per second substantially immediately prior to the point at which the impactors 
25 100 engage the formation 52. More preferably, a majority by weight of the solid material 

impactors 100 may have a velocity of at least 200 feet per second; and as great as 1200 feet: 
per second at engagement with the formation 52i: Even: more preferably, a majority by 
weight of the solid material impactors 1 00 may have a velocity of at least 200 feet per second 
and as great as 750 feet per second at engagement with the formation 52. In an eVen more 
30 preferred embodiment, a majority by weight of the solid material impactors 100 may have 
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a velocity of at least 350 feet per second and as great as 500 feet per second at engagement 
with the formation 52. • 

Referring to Figs. 1 through 5B, this invention may provide a method for cutting a 
subterranean formation 52 using a drilling rig 5 a drill string 55, a fluid pump 2 located 
; 5: ; substantially at the drilling rig 5 , a cutting fluid and plurality of solid material impactors 1 00/ ; 

The drill string 5 may include a feed end 210 located substantially near the drilling rig 5 and 
a bit end 215 including a cutting bit 60 supported thereon. 

The plurality of solid material impactors 100 may be introduced into the cutting fluid 
to circulate the plurality of solid material impactors 100 with the cutting fluid, through the 
10 cutting bit 60 and to engage the formation 52 with both the cutting fluid and the plurality of 

solid material impactors 1 00. The plurality of solid material impactors 100 may be 
introduced into the cutting fluid at substantially any convenient location near the drilling rig f 
5. The drilling rig 5 may be a rig such as used for drilling well bores, a tunnel borer, a rock 
drill for cutting blast holes, or o&er subterranean excavation apparatus or assembly. 

15 A maj ority by weight of the plurality of solid material impactors 100 may have a 

mean outer diameter of at least 0.1 00 inches. Prior art j et cutting and abrasive cutting utilizes 
particles having a mean diameter of less than 0.100 inches. The cutting bit 60 maybe rotated 
while engaging the formation 52 such that the bit 60 and/or the impactors 100 engaging the 
formation 52 may generate formation cuttings. The impactors 100 may be introduced into 
20 i; the cutting fluid intermittently during the cutting operation. The rate ofimpactor 100 
introduction relative to the rate of cutting fluid circulation may also be adjusted or 
interrupted as desired. At least some of the cutting fluid, the plurality of solid material 
impactors 1 00 and the formation cuttings may be circulated away from the cutting bit 60 and 
returned substantially back to the drilling rig 5. “At the drilling rig” shall also include 
25 substantially remote separation, such as a separation process that may be at least partially 
carried out on the sea floor. At the drilling rig 5, at least some of the cuttings and solid 
material impactors 100 may be separated from at least a portion of the drilling fluid. 
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The impactors 100 may be introduced into the cutting flmd and ckculatM with the 
: cutting fluid, through the drill string 55 and drill bit 60 to cause the impactors 100 and the 

cutting fluid to substantially continuously andrepeatedly engage the formation 52. Such 
engagement with the formation 52 by one or more impactors 1 00 or with the formation 52 
5 by a bit tooth 108 and an impactor 100, may create a structurally altered 2 x>ne 124 in the 
formation 52 having a structurally altered zone height 132 in a direction perpendicular to a 
plane of impaction 66. The structurally altered zone 124 may have a height of at least two 
times ameanparticle diameter of particles 15 O in the formation 52 impacted by the plurality 
of solid material impactors 100. 

1 0 Each nozzle 64 in the bit 60 may be selected to provide a desired cutting fluid 

circulation rate, hydraulic horsepower substantially at the bit 60, and/or impactor energy or 
Velocity at a point of engagement ofthe respective impactor with the formation. Each nozzle 
64 may be selected for inclusion in the bit 60 as a function of at least one of: (a) an 
expenditure of a selected range of hydraulic horsepower across the one or more bit nozzles 
1 5 64, (b) a selected range of drilling fluid velocities exiting the one or more bit nozzles 64, and 

(c) a selected range of solid material impactor 100 velocities exiting the one or more bit 
nozzles, or engaging the formation 52. 

To optimize a cutting rate of penetration, it may be desirable to determine, such as 
by monitoring, observing, calculating, knowing or assuming one or more drilling parameters 
20 : such that adjustments may be made in one or more controllable variables in the cutting;: 

operation as a function ofthe determined or monitored drilling parameter: The one or more : 
drilling parameters maybe selected from a group consisting of; (a) a number of teeth 108 on 
the cutting bit 60 that engage the formation 52 per unit of time, (b) a rate of cutting bit 60 
penetration into the formation 52, (c) a depth of cutting bit 60 penetration into the formation 
25 52 from a depth reference point, (d) a formation drillability factor, and (e) a number of solid 

i material impactors 100 introduced into the cutting fluid per unit of time. Monitoring or 
observing may include monitoring or observing one or more drilling parameters of a group 
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of drilling parameters consisting of a group of; (a) a rate of cutting bit rotation, (b) a rate of 
cutting bit penetration into the formation, (c) a depth of cutting bit penetration into the 
formation from a depth reference point, (d) a formation drillability factor, (e) an axial force 
applied to the cutting bit 60, (f) the selected circulation rate, and/or (g) the selected pump f 
5 pressure. . 

One or more controllable drilling or cutting variables or parameters may be altered, 
including; (a) at least one of a rate of impactor 100 introduction into the drilUng fluid, (b) an 
impactor 100 size, (c) an impactor 100 velocity, (d) a cutting bit nozzle 64 selection, (e) the 
selected circulation rate of the drilling fluid* (f) the selected pump pressure/ and (g) any of 
10 the monitored drilling parameters. 

The velocity of the plurality of solid material impactors 100 exiting the cutting bit 
60 may cause a substantial portion by weight of the plurality of solid material impactors 60 
to engage the formation 52 and propagate fractures 116tmd/or micro-fracnires 106 into the ; 
formation 52. Impactor velocity to achieve a desired effect upon a given formation may vary 
15 as a function of formation compressive strength; hardness or other rock properties, and as a 
function of impactor size and cutting fluid rheological properties. In addition to the impactor 
lOOengagingtheformation 52andalteringone ormorestructural propertiestherein,a bit 
tooth 64 or a subsequent impactor 100 may engage an impactor 100 or a portion of the * 
structurally altered zone 124 to further enhance formation structural alteration, the 
20 propagation of fractures, or generation of a formation cutting. The velocity of impactors 1 00 

> exiting the cutting bit 60 may cause a substantial portion by weight of the impactors 100 to 
engage the formation 52 and alter the structural properties of the formation 52 to a depth of 
at least two times the mean diameterof particles 1 50 in the impacted formation, thereby 
creating an impactor altered zone 124. More preferably, structural alteration may be effected 
25 to a depth of at least one-third the diameterof a majj ority of the plurality of the solid material 

#:4n^act6rs’'l 00. Evenmore preferably j structural alterationm^ a depthuf at 

feast the diameter of a majority of the plurality of the solid material impactors TOO. ; 
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A previously impacted solid material impactor 1 00 and/or the impactor altered zone 
124 may be subsequently engaged with another solid material impactor 100 and/or a tooth 
108 on the cutting bit 60. Such subsequent engagement may further enlarge and/or 
structurally alter the structurally altered zone 124, and may also effect extraction of one or 
5 more cuttings from the formation 52. 

To alter the rate of impactors 100 engaging the formation 52, the rate of impactor 
introduction into the cutting fluid may be altered. The fluid circulation rate may also be 
altered independent from the rate of impactor 1 00 introduction. Thereby, concentration of 
impactors 100 in the cutting fluid may be adjusted separate from the fluid circulation rate. 
10 Introducing a plurality of solid material impactors 100 into ithe cutting fluid may be a 
function of impactor size, cutting fluid rate, bit rotational speed, well bore 70 size and a 
selected impactor engagement rate with the formation 52. 

The drilling bit 60 may include a nozzle 64 designed to accommodate impactors 1 00, 
such as an especially hardened nozzle, a shaped nozzle, or an “impactor” nozzle, which may 
15 be particularly adapted to a particular application. The nozzle 64 is preferably a type that is 
Impwn andcoinmonly available. The nozzle 64 may further be selected to accommodate 
impactors 100 ina selected size range or of a selected material composition. Nozzle size, 
type, material and quantity may be a function of the formation tiding cut, fluid properties, 
impactor properties and/or desired hydraulic energy expenditure at the nozzle 64. The nozzle 
20 64 may be of a dual-discharge nozzle, such as the dual jet nozzle taught in U S. patent 

number 5,862,871. Such dual discharge nozzles may generate each of (1) a radially outer 
drilling fluid jet substantially tincircling a jet axis, and (2) an axial drilling fluid jet 
substantially ahgned with and coaxial with the jet axis, and the dual discharge nozzle 

directing a majority by weight of the plurahty of solid material impactors into the axial 

• : 25 drilling fluid j et. A dual discharge nozzle 64 may separate a first portion of the drilling fluid 

flowing through thti nozzle 64 into a first drilling fluid stream having a first drilling fluid exit 
nozzle velocity, and a second portion of the drilling fluid flowing through the nozzle 64 into 
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a second drilling fluid stream having a secohd drilling fluid exit nozzle velocity lower than 
the first drilling fluid exit nozzle velocity. The phnality of solid material impactors 100 may 
be directed into the first cutting fluid stream such that a velocity of the plurality of solid 
material impactors 100 while exiting the drill bit 60 is substantially greater than a velocity 
5 of the cutting fluid while passing through a nominal diameter flow path in the bit end 215 
of the drill string 55, to accelerate the plurality of solid material impactors 100. 

In a preferred embodiment, the impactors -1 00 may be substantially spherical and 
metallic, such as steel shot, and a majority by weight of the introduced impactors 100 may 
have a mean outer diameter in excess of 0. 100 inches. Lmpactor diameter may be selected | 
10 at least partially as a function of one or more monitored formation cutting parameters. : 

Introducing the impactors 100 into the drilling fluid may be accomplished by any of 
several known techniques, such as preferably pumping the impactors with progressive cavity 
pump. The solid material impactors 100 also may be introduced into the drilling fluid by 
withdrawing the plurality of solid material impactors 100 from a low pressure impactor 
15 source 98 into a high velocity stream of cutting fluid, such as by venturi effect. 

Referring to Figs. 1 through 5B, this invention includes methods for cutting a 
: formation 52 and more particularly for drilling a wellbore 70 through a subterranean 
formation 52 using a drilling rig 5, a drill string 55, a fluid pump 2 and/or 4 located • 
substantially at the drilling rig 5, and a drilling fluid. The drill string 55 may include an 
20 upper end located substantially near the drilling rig 5 and a bit end 215 including a drill bit 
60 supported thereon. A preferred method may include the steps described previously for 
cutting a formation, and including providing a plurality of solid material impactors 100. 

A drill bit 60 may be provided with at least one nozzle 64 and more preferably three 
nozzles 64, such that a velocity of the drilling fluid while exiting the drill bit 60 is 
25 substantially greater than a velocity of the drilling fluid while passing through a nominal 
diameter flow path in the bit end 215 of the drill string, such as in a drill collar 58. 

The plurality of solid material impactors 1 00 may be provided substantially adj acent 
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the drilling rig, such as in a storage bin 82, and including a pump or other method for 
introducing the impactors into the circulating drilling fluid stream. Drilling fluid may be ;; 
circulated from the fluid pump 2 and/or 4, into the upper end of the drill string 55, through 
the drill string 55 and through the drill bit 60, the drilling fluid being pumped at at least one 
5 of a selected circulation rate and a selected pump pressure. The drilling fluid may also be 
provided with rheological properties sufficient to adequately transport and/or suspend the 
plurality of solid material impactors 100 within the drilling fluid. 

The plurality of solid material impactors may be introduced into the drilling fluid at 
a selected introduction rate and/or concentration to circulate the plurality of solid material 
10 impactors 100 with the drilling fluid through the drill bit 60. The selected circulation rate 
and/or pump pressure, and nozzle selection may be sufficient to expend a desired portion of 
energy or hydiaulic horsepower in each of the drilling fluid and the impactors 100. The 
formation 52 may be engaged or impacted with each of theidrilling fluid and the plurality of 
solid material impactors. 

15 A majority by weight of the plurality of solid material impactors preferably have a 

mean outer diameter in excess of 0. 1 00 inches. The bit 60 may be rotated while circulating 
: the: drilling fluid and engaging the plurality of solid material impactors 1 00 substantially 

continuously or selectively intermittently, with the abottom hole surface 66 ahead of the drill . 
bit 60. In a preferred embodiment, the nozzles 64 may be oriented to cause the solid material 
20 impactors 100 to engage the formation 52 with a radially outer portion of the bottom hole 
surface 66. Thereby, as the drill bit 60 is rotated one or more circumferential kerf may be 
created by the impactors 100, in the bottom hole surface 66 ahead of the bit 60. The drill bit 
60 may thereby generate formation cuttings more efficiently due to reduced stress in the 
surface 66 being drilled; due to the one or more substantially circiimferential kerfs in the 
25 surface 66. 

After engaging the formation 52, at least some of the drilling fluid, the plurality of 
solid material impactors 100 and the generated formation cuttings may be circulated 
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substantially back to the drilling rig 5. At the drilling rig, the returned cuttings and solid 
material impactors 100 maybe separated from the drilling fluid to salvage the drilling fluid 
for recirculation of the drilling fluid into the present well bore 70 or another well bore. At 
least ai portion of the impactors 100 may be separated from a portion of the cuttingsby a 
5 series of screening devices, such as the vibrating classifiers 84 discussed previously, tb | 
salvage a reusable portion of the impactors 100 for reuse to re-engage the formation 52. A 
maj ority of the cuttings and a majority of non-reusable impactors may be discarded. 

In a preferred embodiment, a progressive cavity type pump 96 may be utilized to 
pump the slurry of drilling fluid and solid material impactors 100 into die drilling fluid 
10 stream pumped by the mud pump 2 and/or 4. An impactor slurry injector head 34 may be 

provided on the gooseneck 3 6, which maybe located atop the swivel 28. A port 30 maybe 
provided in the gooseneck 36 to permit the introduction of the plurality of solid material 
impactors 100 into the drilling fluid through the injector head 34. A low volume, medium 
pressure mud pttmp 4 may also introduce a stream of drilling fluid into the gooseneck 36, 
15 through the injector head 34. 

A majority by weight of the introduced plurality of solid material impactors 1 00 
preferably maybe substantially spherically shaped and include an outer diameter of at least 
0.100 inches. More preferably a majority by weight of the impactors 100 may have a 
diameter of at least 0.125 inches and as great as 0.333 inches. Even more preferably, a 
20 majority by weight of the impactors 100 may have a diameter of at least 0.150 inches and as 

great as 0.250 inches. 

The velocity of a majority by weight of the plurality of solid material impactors 
immediately exiting a drill bit nozzle 64 may be as slow as 250 feet per second and as fast 
as 1 000 feet per second^ immediately upon exiting the nozzle. The velocity ofamajorityby 
25 weight of the impactors! 00 maybe substantially the same, only slightly reduced, at the point 

of impact of an impactor 100 at the formation surface 66. ^ ' 

Referring to Figs. 1 through 5B, a method is provided for cutting a subterranean 
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formation 52 using a drilling rig 5, a drill string 55, at least one fluid pump 2 and/or 4 located 
substantially at the drilling rig 5 and a cutting fluid. The drill string 55 may include a feed 
end 210 located substantially near the drilling rig 5 and a bit end 215 including a cutting bit 
60 supported thereon. The method maybe similar to the previously discussed methods for 
5 cutting a subterranean formation or methods for drilling a well 70 and may include creating 
> a s^cturally altered 2 »ne 124 in the formation 52. The forma.tion 52 may be engaged by the 
cutting fluid and the plurality of solid material impactors : l OO to create a structurally altered 
zone 124 in the formation 52 having a structurally altered height 132 in a direction 
perpendicular to a plane of impaction 66 at least two times a mean particle diameter of 
10 particles 150 in the formation 52 impacted by the plurality of solid material impactors 100. 

It should be understood that each impactor 1 00 will have its own plane of impaction 66 with 
■ . ■ • : the: formation:52. v ■ : | 

A majority by weight of the plurality of solid material impactors 100 may have an 
impactor diameter of at least 0.100 inches. The structurally altered zone 124 may include 
15 a fracture 116 in the formation having a fracture height at least two, times a mean particle 
diameter of particles 150 in the impacted formation 52 in a direction perpendicular to a plane 
of impaction 66. More preferably* at least one fracture 1 16 may be created in the formation 
52 having a fracture height 1 32 at least four times a mean particle diameter of particles 150 
in the impacted formation. Even more preferably, atleast one fracture 116 may be created 
20 in the formation 52 having a fracture height 132 at least eight times a mean particle diameter 

of particles 150 in the impacted formation 52. 



The structurally altered zone 124 may include a compressive spike 102, which may 




energy. The compressive spike 102 may include a spike length 134 at least two times amean 



25 particle diameter of particles 150 in the formation 52. 

. At least one of a circulation rate and a pump pressure may be selected such that the 
momentum of at least five percent by weight of the plurality of solid material impactors 1 00 
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at a point of impact with the formation 52 may create a plurality of fractures 116 in the 
formation 52 each having a fracture length at least two times a mean particle diameter of 
particles 150 in the impacted formation 52. 

Introducing the plurality of solid material impactors 100 into the cutting fluid may 
5 cause a substantial portion by weight of Ihe introduced impactors to engage the formation 
52 and alter one or more structural rock properties of the formation 52 in the vicinity a 
respective point of impact. Such alteration may include altering the density of or creating 
a fracture in, at least a portion of the formation in the vicinity of a respective point of impact. 
Introducing the plurality of solid material impactors 100 into the cutting fluid may cause a 
10 first impactor 100 to engage the formation. Subsequently, at least one additional impactor 
may engage the first impactor 100 thereby causing at least one of the first impactor 100; and 
the at least one additional impactor to alter the structural rock properties of the formation 52 
in the vicinity of at least one of the first impactor 100 and the at least one additional 
impactor. In addition, rotating the cutting bit 60 may cause at least one tooth 108 on the 
15 cutting bit 60 to engage at least one solid material impactor 100, causing the at least one 
solid material impactor 100 to alter the structural rock properties of the formation 52;-:#^4 

Referring to Figs. 1 through 5B, this invention provides a system for cutting a 
subterranean formation 52 using a drilling rig 5, a drilling fluid pumped into a well bore 70 
by fluid pump(s) 2 ahd/or 4 located at the drilling rig 5. A drill string 55 is included having 
20 a feed aid 210 located substantially near the drilling rig 5, a bit end 215 for supporting a drill 

bit 60, and including at least one through bore to conduct the drilling fluid substantially 
between the drilling rig 5 and the drill bit 60. The drill bit 60 includes at least one nozzle 64 
at least partially housed in the drill b^^ 60 such that a velocity of the drilling fluid while! 

: exiting the drill bit 60 is substantially greater than a velocity of the drilling fluid while 
25 passing through a nominal diameter of the through bore in the bit end 2 1 5 of the drill string 

. 55. 

An impactor introducer 96 may be included to pump or introduce a plurality of solid 




WO 02/25053 PCT/US01/28444 

... ; V: ; 77 ■ ./7'/ :/ {• ■; '• -42- /;, -X ; /, V: v 

material impactors 100 into the drilling fluid before circulating a plurality of impactors 100 
and the drilling fluid to the drill bit 60. In a preferred embodiment, the impactor introducer 
96 may be a progressive cavity pump. 

The plurality of solid material impactors 100 may be included for engaging the 
5 formation 52. The plurality of solid material impactors may be composed of distinct, 
separate, independent impactors. Preferably, the impactors 100 may be substantially 
spherically shaped and composed of a substantially metallic material, such as steel shot. A 
majority by weight?of the impactors 100 may include an outer diameter of at least 0.100 
; inches. More preferably, a majority by weight of the impactors 100 may be at least 0.125 
10 inches in diameter and may be as large as 0.333 inches in mean diameter. Even more 
preferably, a majority by weight of the impactors 100 may be at least 0.150 inches in mean 
diameter and may be as large as 0.250 inches in mean; diameter. 

A preferred system may also include an impactor introducer conduit 88, 38 for 
conducting the plurality of solid material impactors 100 from an impactor introducer 96 
15 substantially to the feed end 210 ofthe drill string 55. The system may also include a fluid 
conduit 8, 24, 40, 42 for conducting the drilling fluid from the drilling fluid pump 4, 2 
substantially to the feed end 210 ofthe drill string 55. The fluid conduit 8, 24, 40, 42 may 
include at least one introduction port 3 0 for introducing the plurality of solid impactors 1 00 
: : from the impactor introducer 96 into the drilling fluid. 

20 The system for cutting; a subterranean formation using a drilling rig may include a 

gooseneck 36 having a, through bore therein for conducting drilling fluid from at least one 
of the fluid conduits 8, 24, 40,42 to a drilling swivel 28; The gooseneck 36 may include the 
introduction port 30 in the gooseneck. The drilling swivel 36 including the through bore for 
conducting drilling fluid therein, may be substantially supported on the feed end 2 10 of the 
25 drill string 55 for conducting drilling fluid from the goose neck into the feed end 2 1 0 of the 
drill string. The feed end 210 of the drill string 55 may include a kelly 50 to connect the drill 
pipe 56 with the swivel quill 26 and/or the swivel 28. 
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The system may further comprise a drilling fluid separator system, such as discussed 
previously in reference to Fig. 1, which may include a reclamation tube 44 to separate a 
portion of the circulated impactofs 100 and a portion of the cuttings from a portion of the 
drilling fluid. A vibrating classifier 84, may dlsoi.be included to reclaim a reusable portion 
5 of impactors 100 for recirculation or reuse. I An impactor storage tank 94 may receive the 

, reclaimed portion of impactors 100. A slunification tank 98 may receive impactors 100 
from the storage tank 94 and a portion of drilling fluid, in order to create a slurry containing 




and circulated into the wellbore 70. A portion of the drilling fluid may be recovered into a 



10 mud tank 8 for recirculation into the well bore 70. 

An alternative embodiment of this invention may include cutting a formation using 
a plurality of solid material impactors to engage the formation, in the absence of a cutting 
bit engaging the formation. A nozzle 64 may be provided on a nozzle end 215 of the drill 
string 5 5 . The nozzle may be rotated, maintained rotationally substantially stationary, and/or 
15 oscillated rotationally back and forth, to direct the plurality of solid material impactors and/or 

• the drilling fluid into engagement with the formation 52. 

The method may comprise providing at least one nozzle 64 such that a velocity of the 
cutting fluid while exiting the nozzle 64 is substantially greater than a velocity of the cutting 
fluid while passing through a nominal diameter flow path in the nozzle end 21 5 of the drill 
20 string 55. 

The cutting fluid may be circulated from the fluid pump 2 and/or 4, such as a positive 
displacement type mud pump, through one or more drilling fluid conduits 8, 24, 40, 42, into 
the feed end 210 of the drill string 55. The cutting fluid also may be circulated through the 
drill string 55 and through the cutting bit 60. The cutting fluid may be pumped at a selected 
25 circulation rate and/or a selected pump pressure to achieve a desired iinpactor and/or drilling 

fluid energy at the nozzle 64. The cutting fluid may be a drilling fluid, which is recovered 
for recirculation in a well bore or the cutting fluid may be a fluid, which is substantially hot 
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recovered for reuse or recirculation. The cutting fluid may be a liquid, a gas, a foam, a mist i ? L 
or other substantially continuous or multiphase fluid. ; ' 

The plurality of solid material impactors 100 may be introduced into the cutting fluid 
to circulate the plurality of solid material impactors 100 with the cutting fhn^ 

5 nozzle 64 and engage the formation 52 with each of the cutting fluid and a majority by 
weight of the plurality of solid material impactors .1 00. 

A cutting fluid or drilling fluid may be pumped at a pressure level and a flow rate 
level sufficient to satisfy an impactor mass-velocity relationship wherein a substantial 
portion by weight of the majority by weight of the plurality of solid material impactors 100 
10 that engage the formation 52 may create a structurally altered zone 124 in the formation 5 2. 

The structurally , altered zone 124 may have a structuraliy : altered zone height 132 in a 
direction perpendicular to a plane of impaction 66 at least two times a meanparticle diameter 
of particles 150 in the formation 52 impacted by the plurality of solid material impactors 
100. The mass-velocity relationship maybe satisfied as sufficient when a substantial portion 
15 by weight of the solid material impactors 1 00 may by virtue of their mass and velocity at the 

moment of impact with the formation 1 00, create a structural alteration as claimed and/or .. > ; 
■ disclosed herein. 

The plurality of solid material impactors 100 may be introduced into the cutting fluid \ ; 
at substantially any convenient location near the drilling rig 5. The drilling rig 5 may be a 
20 rig such as for drilling well bores, a tunnel borer, a rock drill for cutting blast holes, or other 
subterranean excavation apparatus. SubstantiaUy cohcurrent to impactor 1 00 introduction 
into the drilling fluid stream that is being circulated to the nozzle 64, the introduced 
impactors 100 klso may be circulated with the drilling fluid to the nozzle 64. 

Other alternative embodiments may include an impactor introducer that creates a 
25 ; venturi effect for withdrawing a portion of the plurality of solid material impactors 1 00 from 
an impactor source vessel, such as a slurrification tank; an impactor storage tank or an 
impactor storage bin. The venturi type impactor venturi inductor thereby may withdraw a 




WO 02/25053 




’ PCT/US01/28444 



plurality of solid material impactors 1 00 into a high velocity stream of fluid, such as drilling 
fluid, and subsequently introduce the impactors 1 00 and fluid into the circulated drilling 
fluid.-: 

In still other alternative embodiments, the system may include a pump, such as a 
: :r:5i = : centrifugal piiinp^ haying a resilient iinmg that is cbmpatible fo a solid-mateirial 

laden slurry. The pump may pressurize the slurry to.a pressure greater than the selected mud 
pump pressure to pump the plurality pf solid material impactors into the drilling fluid. The 
impactors may be introduced through an impactor injection port; such as port 30. Other 
alternative embodiments for the system may include an impactor irij ector includiriig an auger 
10 for introducing the plurality of solid material impactors 100 into the drilling fluid. 

Alternative embodiments of impactors may include other metallic materials, 
includin g tungsten carbide, copper, iron, or various combinations or alloys of these and other 
metallic compounds. Impactors may also be composed of non-metallic materials, such as 
bauxite, ceramics or other man-made or substantially naturally occurring non-metallic 
15 materials. Other alternative embodiments may include impactors that may be crystalline 
shaped, angular shaped^ sub-angular shaped, particularly shaped, such as like a torpedo, dart, 
rectangular, or otherwise generally non-spherically shaped. 

: to alternative embodiments, a majority by weight of the plurality of solid material 
imp actors may be substantially rounded and have a non-uniform outer diameter./ Other 
20 alternative embodiments may include impactors in which a majority by weight of the 
impactors may be substantially crystalline or irregularly shaped. In such alternative 
embodiments, a majority by weight of the impactors may be of a substantially uniform mass, 
grading or size. At least one length or diameter dimension may be at least 0.100 inches. 

In alternative embodiments of the methods of this invention, the structurally altered 
25 zone 124 may include a fracture 116 in the formation having a fracture height 132 of at least 
two times a mean diameter of a majority by weight of the plurality of solid material 
impactors 100 impacting the formation 52, in a direction perpendicular to the plane of 
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impaction 66. Fractures 1 1 6 also may be created in formations that may be susceptible to 
fracturing, which have a fracture length in excess of eight time a mean diameter of a majority 
by weight of the plurality of solid material impactors. 

; As the plurality of sohd material impactors 100 exiting the cutting bit 60 engage the 
5 ; : formation52, a substantial portion by weight of the plurality of solid material impactors 100 
may create a plurality of craters 120 in the formation. Each of the plurality of craters 120 
may have a crater depth 109 of at least one-third the diameter of the respective impactor 100 
that created the respective crater 109. 

As discussed previously, several theories and mechanisms are advanced to explain 
1 0 and support the surprisingly good results obtained using the methods and systems of this 
invention in cutting subterranean formations. A mechanism that may be at least partially 
responsible for the successful application of this invention in certain formations 52, such as 
deep, relatively hard to conventionally drill formations, is shot peening. The mechanism and • 
methods of shot peening are well known in the metals arts to render a hardened or toughened 
1 5 surface. In the formation cutting or drilling industry, the adaptation of these techniques has 
not heretofore been established as pertains to rock formations. Some understanding of the 
mechanics of formation drilling may help to enable a drill bit designer, a nozzle designer, a 
drill bit user, nozzle user and user of the methods of this invention each to increase the 
performance of formation cutting or drilling equipment and techniques. 

20 When a rock formation is subjected to years of pressure and stress deformations from 

above, beneath and laterally, in conjunction with exposure to elevated temperature, and 
leaching or permeating chemicals, the rock formation mayundergo substantial changes. The 
resulting formation may have properties ranging from a soft powder to near diamond hard 
obsidian, or an agglomeration of properties, depending upon the initial rock properties and 
25 exposed conditions. For example, extremely hard stone chips can be imbedded in relatively 
soft limestone or shale. The results may be formations with varying parameters of porosity, 
hardness, permeation, lubricity, size, and thickness and a substantially heterogeneous mixture 
or series of formation layers. i The general works of public knowledge include a diverse and 
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in depth description of those parameters and additional related material, such that by reason 
of commonness they are included herein by reference. 

The drilling of bore holes such as well bores for oil and gas production may require 
drilling through a sequence of varied formation types to excavate the borehole. The 
5 formations generally include inherent strength thresholds, hardness, and abrasive 
characteristics that must be overcome by the mechanical action of the drill bit and dr illin g 
fluids during drilling to generate chips of cuttings. The cuttings may be subsequently 
removed to the surface by hydraulic transportation by the circulating drilling fluid. The 
drilling fluid typically circulates to the bit through interior passages in the drill string and the 
10 drill bit, wherein the fluid maybe accelerated by through one or more drill bit nozzles. After 

exiting the nozzles, the fluid may be impinged against and in some circumstances ideally at 
least partially into formation being drilled and returned to the surface via the annular space 
between the drill string and the well bore wall. 

These earthen formations may be subj ect to increasing overburden and in situ stress 
15 forces as a function of increasing depth. The bit teeth and hydraulic drilling fluid forces 
acting on the formation may generally tend to ‘‘work: harden” or toughen the formation, ■ 
which may make the formation more resistant to chip generation by the mechanical action 
of the drill bit. 

• When a relatively high mass impactor 100, as opposed to an abrasive type particle, : 
20 is accelerated to a selected velocity and impacted against a formation 52, one or more of 
several things may occur at or near the point of impact: 

: T. An impactor 100 may simply impart apportion of its kinetic energy into the rock, bounce: 
off, be disintegrated or any combination thereof. Such occurrence may result when the 
momentum (Momentum = mass x velocity) or the total impact force (Force = mass x^ 
25 acceleration) oftheimpactor 1 00 at the point of impact with the formation 52 may be 
less than the resistive physical properties of the rock. At least some of the energy may 
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be dissipated as heat in an elastic and/or plastic deformation of the substantially 
immovable 

; 2. An impactor 100 may penetrate a. small distance into the formation 52 arid cause the ; / 
displaced or structurally altered rock to “splay out” or be reduced to small enough 
5 particles for the particles tofre removed or washed away by hydrauhc action; ^ 

particle removal may depend at least partially upon available hydraulic horsepovrerhnd 
at least partially upon particle wet-ability and viscosity. Such formation deformation 
may be a basis for work hardening of a formation by “impactor peening,” as the plurality 
of solid material impactors 100 may displace formation material back and forth. Such 
10 working of the formation may equalize compressive force irregularities near: i the: | 
formation surface 66. 

3. An impactor 100 may be driven relatively deep into the formation and may cause 
compressive and/or shear related fractures or micro-fractures in the formation and 
possibly even some localized melting. The melting mechanism may be similar to what o 
15 sometimes happens to bullet-type “perforators,” which are often composed of tungsten 
or other very high-density materials. ; 

: 4. : Ah; impactor 100 may actually be at least partially melted and may expend a portion of 
: its energy creating a fracture 116 or indentation 120 in the formation 52, and may move 
a tiny compressive spike 1 02 inside the formation 52: along a propagation path 130 ahead 
20 of and in the direction of impactor engagement with the plane of impaction 66. In 
creating a spike and/or subsequently displacing a previously created spike, it may be 
important to understand that ahead of an impactor 100, a compression zone may exist 
such that the forces maybe acting in the formation, away from and centered upon the 
point of impact, based upon a root means squared distribution of impacting forces. Such . ; 
25 force distribution may be at least partially influenced by homogeneity of the formation 
and densities of various components thereof It may not be necessary for the relatively 
higher density spike, such as spike 102; to be melted into a new form of rock. Rather, 
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a change in 
s if the spike 
le spike may 
. : in excess of four times 

5 the diameter of the respective impactor. 

be predictable in certain formations. 

‘penetrator munitions.” A 
causes heating and heating 

ting and the point of maximum compression is g 

10 of impact. 

ussed above, a number of structural alterations or effec 
ion during formation cutting or drilling maybe mecha 
a formation 52 by methods and/or systems employing impactors 1 00. Some of the imposed 
effects may include; (a) creation of a work hardened and/or less-plastic formation face 66 
15 

o f an il 

Another effect, shot peemng, is well known in the metals arts and an understanding 
of the same or similar characteristics and methods may be beneficially applied to the 

20 i vi.uuv.v.i y wwi mu ^, yx tt vaiv iwmvMAUfe- w wxjawwiyii ] 

3 r 

between a bit tooth 108 and/or an impactor 100, and the formation 52 may facilitate 
improved rate of penetration: 

U When ah impactor 100 is embedded or entrained into the formation 52, even briefly, 

•25 ; • 

loads as a portion of each of the total WOB and total torque on the bit 60, through the 
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impactor 100 and into a spike 102, a fracture 116, and/or laterally into the formation 52 along 
natural cleavage planes (not shown). Engaged impactors 100 may act as a lever or torque 
extender. Such engagement may act to lift or shear cutting chips from the formation 52, as 
opposed to the conventional bit tooth cutting or compressing mechanism for cutting chip 
5 generation. In addition, such effects may be transmitted by engaging a single impactor 100 
or a stack of impactors 100 imbedded within the formation 52. Thereby at least k portion of 
the WOB and rotational forces in bit tooth 108 and/or the hydraulic forces maybe directed 
laterally or otherwise in one or more various directions through the formation 52. Thereby, 
v; natural formation weaknesses, cleavage planes and directions of least resistive stress may be 
10 exploited mechanically and/or hydraulically to effect enhanced butting generation and 
of pehetrirtiom : In addition, the work hardened zone may also be more 
receptive to subsequent fracturing or cutting extraction than the structurally unaltered 
formation. 

The plastic yield stress value and compressive strength of the impactor preferably 
1 5 should be greater than the strength of the formation 52 and less than that of the bit tooth 108 

and/or bit cone 62. If the impactor has a lower compressive or yield strength than the 
formation the impactor will likely be destroyed or damaged instead of structurally altering 
or penetrating the formation 52. 

In addition, the number of impactors 100 -‘on bottom” at any given time may be; 
20 relevant to the hardness and drillability of the formation 52, in optimizing the rate of 
penetration by the bit 60. If the formation 52 is relatively hard and/or is responsive to the 
creation of fractures 116 or cavities 120, the number of impactors 100 engaging the 
formation per unit of time, or available for positioning the impactors 100 between the bit 
teeth 108 and formation 52, may be relatively low for a given well bore diameter. For the 
25 same well bore diameter, if the formation 52 is relatively brittle more impactors 100 may be 

required to engage the formation per the same unit of time, to optimize the rate of 
penetration. If the formation 52 is relatively soft, pliable, plastic-like or gummy, an even 
greater number or concentration of impactors may be required to engage the formation 52 
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over the same time unit to optimize rate of penetration in the formation 52. A relatively soft 
or gummy formation may benefit from an increase in the concentration of impactors by 
creating a more drillable formation consistency, which may be less prone to bit balling. 

However, in most formations, too many impactors 100 engaging the formation per 
5 time unit may be detrimental to optimizing the rate of penetration. An optimum point may 
be reached where the number of impactors engaging the formation or available for 
positioning between the formation 52 and bit teeth 108 may optimize rate of penetration. A 
concentration above this point may adversely effect rate of penetration by adversely effecting 
performance of the impactors 100 and/or the bit 60. 

10 A relationship for approximating the required number of impactors in a particular 

well bore size and bit type may be considered. F or example, if a 4%” bit has approximately 
8 to 15 teeth engaged with the formation face 66 at any instant of time and is rotated at 150 
rpm, there may be approximately 3600 to 6750 teeth per minute striking the formation face 
66. Bach tooth has a tooth area based on its shape which may engage the formation face 66. 
15 A bit tooth having a substantially flat surface which is substantially parrallel to the plane of 

impaction 66 may strike an impactor and may transfer substantially a substantial portion of 
: the WOB and/or rotational force to the impactor, thereby creating a resultant line of action 
i or force through the respective impactor. If the tooth surface is curved, the engaged force 
transmitted to the impactor may be along a different result line, which may be more 
20 perpendicular or angular to the plane of impaction 66 than the flat tooth resultant. The WOB 

and rotational forces in the bit 60 may be apportioned among the teeth 1 08 engaged with the 
formation and/or impactors 100. The fewer the number of teeth 108 and/or impactors 
engaged by teeth, the more force maybe applied to each respective engaged impactor 100 
i and/or structuraUy altered zone 124. Fractures 1 16 and/or structural alteration may be 
25 imparted into even very hard or tough formations. 

: Engaging impactors 100 with a formation 52 at almost any angleof impact 130 may 
be beneficial to increasing rate of penetration, as the mere presence of impactors for the bit 
teeth 108 to engage may structurally alter the formation in a manner which increases 
drillability by the bit 60. Thereby, in certain formations, impactor concentration may be 
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more beneficial to improving rate of penetration by the bit 60, than the impactor penetration 
depth into the formation due to the impact energy. 

A practical range of impactor rate of introduction into the drilling fluid maybe from 
30 thousand to 300 thousand impactors per minute. As a guideline for improved rate of 
5 penetration in many formations, an optimal concentration of impactors may be reached when 

the ratio of impactors to bit teeth engaging the formation at any instant of time is about 10:1 
: ! | ; for ^ and ^for softer fomiatioiis . Xlie ratio may be lower for 

extremely hard foimations. In addition, harder formations may: respond better to relatively 
: smaller size impactors, while softer formations may respond better to relatively larger size 
1 0 impactors. The aerial distribution of impactorsacross the formation face 66 at the bottom 

of a well bore 70 may be up to 80% of the bottom hole area for soft formations and as little 
as 20% for hard formations. In hard formations, the strength and shape of the impactors may 
also be considered. 

A broad theme of this invention is creating a mass- velocity relationship in each of 
15 a plurality of solid material impactors 100 transported in a fluid system, such that a 
substantial portion by weight of the impactors 100: may each have sufficient energy to 
structurally alter a portion of a targeted formation -52 in the vicinity of a point of impact. 
Preferably, the structurally altered zone 124 may be altered to a depth 1 32 of at least two 
: times the mean diameter of the particles 150 in the formation 52. Impactor shape is 
20 preferably spherical, however other shapes may be used in alternative embodiments. If an 
impactor 100 is of a specific shape such as that of a dart, a tapered conic, a rhombic, an 
octahedral, or similar oblong shape, a reduced impact area to impactor mass ratio may be 
achieved. The shape of a majority by weight of the impactors may be altered, so long as the 
mass-velocity relationship remains sufficient to create a claimed structural alteration in the 
25 formation and an impactor has at least one length or diameter dimension in excess of 0.100 

: inches.: Thereby, a velocity required to aduevei a: specific i structural alteration may be? 
reduced as compared to achieving a similar structural alteration by impactor shapes having 
a higher impact area to mass ratio. Shaped impactors may be formed to substantially align 
: themselves along a flow path, which may reduce variations in the angle of incidence between 
30 the impactor 100 and the formation 52. Such impactor shapes may also reduce impactor 
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^ contact wi& such those in the drill string 55 roddnflihgrig 5 arid may 

thereby minimize abrasive erosion of flow conduits. 

A variation on that broad theme may include inputtihg pulses ofenergy inthe fluid 
system sufficient to impart a portion of the input energy in an impactor 100. The impactor 
5 1 00 may thereby engage the formation 52 with sufficient energy to achieve a structurally 

altered zone 124 having a structurally, altered height 1 32 of at least two times the diameter 
of the particles 1 50 in the formation 52. Pulsing of the pressure ofthe fluid in the drill string 
55, near the bit 60 also may enhance the ability of the drilling fluid to generate cuttings 
subsequent to impactor 100 engagement with the formation 52. Pulsing or otherwise 
10 energizing impactors 1 00 in a fluid based formation cutting or drilling system remains within 

the scope of this invention. 



Each combination of formation type, bore hole size, bore hole depth, available weight 
on bit, bit rotational speed, pump rate, hydrostatic balance, drilling fluid rheology, bit type 




15 or concentration, and impactor energy requirements. The methods and systems of this 
invention facilitate adjusting impactor size, mass, introduction rate, drilling fluid rate and/or 
pump pressure, and other adjustable or controllable ’’ariables to determine and maintain an 
optimum combination of variables. The methods and systems of this invention also may be 
coupled with select bit nozzles, downhole tools, and fluid circulating and processing 
20 equipment to effect many variations in which to optimize rate of penetration. ; : v 

It may be appreciated that various changes to the details of the illustrated 
embodiments and systems disclosed herein, may be made without departing from the spirit 
ofthe invention. While preferred and alternative embodiments ofthe present invention have 
been described and illustrated in detail, it is apparent that still further modifications and 
25 adaptations of the preferred and alternative embodiments will occur to those skilled in the 
art. However, it is to be expressly understood that such modifications and adaptations are 
within the spirit and scope of the present invention, which is set forth in the following 
claims. . 
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I CLAIM: 

1 • A method of cutting a subterranean formation using a drilling rig, a drill 
string, a fluid pump located substantially at the drilling rig, a cutting fluid and plurality of 
solid material impactors, the drill string including a feed end located substantially near the 
5 drilling rig and a nozzle end including a nozzle supported thereon, the method comprising: 
providing at least one nozzle such that a velocity of the cutting fluid while exiting the 
nozzle is substantially greater than a velocity of the cutting fluid while passing through a 
nominal diameter flow path in the nozzle end of the drill string; 

circulating the cutting fluid from the fluid pump into die feed end of the drill string, 

10 through the drill string and through the nozzle, the cutting fluid being pumped at at least one 

of a selected circulation rate and a selected pump pressure; 

introducing the plurality of solidmaterial impactors into the cutting fluid to circulate! 
the plurality of solid material impactors with the cutting fluid through the nozzle and engage 
the formation with both the cutting fluid and the plurality of solid material impactors; 

15 pumping the cutting fluid at a pressure level and a flow rate level sufficient to satisfy • . • 

an impactor mass-velocity relationship wherein a substantial portion by weight of the 
: plurality of solid material impactors creates a structurally altered zone in the formation 
having a structurally altered zone height in a direction perpendicular to a plane of impaction 
/i-at least-two times a mean particle diameter of particles in the formation impacted by the’ 
20 plurality of solid material impactors; 

circulating at least some ofthe cutting fluid, the plurality of solidmaterial impactors 
and the formation cuttings away from the at least one nozzle. 

2. The method of cutting a subterranean formation as defined in Claim 1 , further 

25 comprising: 

rotating the nozzle while engaging the fortitaition to generate formation cuttings. 
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3. The method of cutting a subterranean formation as defined in Claim 1, 
wherein a substantial portion by weight of the solid material impactors have a velocity of at 
least 200 feet per second at engagement with the formation. 

5 4. The method of cutting a subterranean formation as defined in Claim 1, 

wherein a substantial portion by weight of the solid material impactors have a velocity of at 
least 200 feet per second and as great as 1200 feet per second at engagement with the 
formation. 

10 5. The method of cutting a subterranean formation as defined in Claim 1, 

wherein a substantial portion by weight of the solid material impactors have a velocity of at 
least 200 feet per second and as great as 750 feet per second at engagement with the 
formation. 

15 ; 6. The method of cutting a subterranean formation as defined in Claim 1, 

wherein a substantial portion by weight of the solid material impactors have a velocity of at 
least 350 feet per second and as great as 500 feet per second at engagement with the 

..■■^formation.;''.; 

20 7. The method of cutting a subterranean formation as defined in Claim 1, 

wherein a substantial portion by weight of the solid material impactors have a density of at 
least 230 pounds per cubic foot and a diameter in excess of 0.100 inches. 

8. The method of cutting a subterranean formation as defined in Claim 1 ^ 

25 wherein a substantial portion by weight of the solid material impactors have a density of at 

least 470 pounds per cubic foot and a diameter in excess of 0.100 inches. 

9. The method of cutting a subterranean formation as defined in Claim 1, 
wherein the mass-velocity relationship of a substantial portion of the plurality of solid 

30 material impactors provides at least 5000 pounds per square inch of force per area impacted 
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by a respective solid material impactor having a mean diameter in excess of 0. 100 inches. 

10. The method of cutting a subterranean formation as defined in Claim 1, 
wherein the mass-velocity relationship of a substantial portion of the plurality of solid : 

5 material impactors provides at least 20,000 pounds per square inch of force per area impacted 

by a respective solid material impactor having a mean diameter in excess of 0.100 inches. 

11. The method of cutting a subterranean formation as defined in Claim 1, 
wherein the mass-velocity relationship of a substantial portion of the plurality of solid 

10 material impactors provides at least 30,000 pounds per square inch of force per area impacted 

by a respective solid material impactor having a mean diameter in excess of 0.100 inches. ; 

12. The method of cutting a subterranean formation as defined in Claim 1, 
wherein a substantial portion by weight of the plurality of solid material impactors create a 

15 structurally altered zone in the formation having a structurally altered : zone height in a 
direction perpendicular to a plane of impaction at least four times a mean particle diameter 
of particles in the formation impacted by the plurality of solid material impactors. 

13. The method of cutting a subterranean formation as defined in Claim 1, 

20 wherein a substantial portion by weight of the plurality of solid material impactors create a 

s^cturally altered zone in the formation having a structurally altered zone height in a 
direction perpendicular to aplane of impaction at least eight times a mean particle diameter : 
of particles in the formation impacted by the plxirality of solid material impactors. 

25 14. A method of cutting a subterranean formation using a drilling rig, a drill 

string, a fluid pump located substantially at the drilling rig, a cutting fluid and plurality of 
solid material impactors, the drill string including a feed end located substantially near the 
drilling rig and a bit end including a cutting bit supported thereon, the method comprising: 

providing the cutting bit with at least one nozzle such that a velocity of the cutting 
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fluid while exiting the cutting bit is substantially greater than a velocity of the cutting fluid 
while passing through a nominal diameter flow path in the bit end of the drill string; 

circulating the cutting fluid from the fluid pump into the feed end of the drill string, 
through the drill string and through the cutting bit, the cutting fluid being pumped at at least 
5 . one of a selected circulation rate atid a selected pump pressure; 

introducing the plurality of solid material impactors into the cutting fluid to circulate 
the plurality of solid material impactors with the cutting fluid through the cutting bit and 
engagethefonnationwith both the cutting fluidand the plurality of solid material impactors;: 
a substantial portion by weight of the plurality of solid material impactors each having a 
10 mean diameter in excess of 0.1 00 inches; 

rotating the cutting bit while engaging the formation to generate formation cuttings; 

and 

circulating at least some of the cutting fluid, the plurality of solid material impactors 
and the formation cuttings away from the at least one nozzle. 

15. The method of cutting a subterranean formation as defined in Claim 14, 

further comprising: ‘ 

introducing the plurality of solid material impactors intb the cutting fluid to circulate 
the plurality of solid material impactors with the cutting fluid through the cutting bit and 
20 engage the formation with both the cutting fluid and the plurality of solid material impactors; 

pumping the cutting fluid at a pressure level and a flow rate to create a structurally 
altered zone in the formation having a structurally altered zone height in a direction 
; perpendicular to a plane of impaction at least two times a mean particle diameter of particles 
; in the formation impact^ by the plurality of solid material impactors. 

25 

16. The method of cutting a subterranean formation as defined in Claim 14, 
further comprising: 
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selecting each of the at least one nozzles for inclusion in the bit as a function of at 
least one of: (a) an expenditure of a selected range of hydraulic horsepower across the one 
or more nozzles, (b) a selected range of drilling fluid velocities exiting the one or more 




5 nozzles. 

1:7. The method of drilling a subterranean formation as defined in Claim 14, 
further comprising: 

determining at least one or more Idrilling parameters from a group consisting of (a) a 



1 0 number of teeth on the cutting bit that engage the formation per unit of time, (b) a rate of 
cutting bit penetration into the formation, (c) a depth of cutting bit penetration into the 
formation from a depth reference point, (d) a formation drillability factor, (e) a number of 




1 5 and (h) the selected pump pressure. 



18. The method of drilling a subterranean formation as defined in Claim 14, 
further comprising: 

monitoring one or more drilling parameters; and 



20 altering at least one of the monitored one or more drilling parameters and another 




(b) a rate of cutting bit penetration into the formation, (c) a depth of cutting bit penetration 
into: the formation from a depth reference point, (d) a formation drillability factor, (e) a 
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circulation rate, and (h) the selected pump pressure.: 



|Q. The method of drilling a subterranean formation as defined in Claim 18, 



includes altering (a) at least one 
an impactor size, (c) an impactor velocity, (d) a 



TO 



21 . 



as defined in Claim 14, 
causes a substantial 



15 to a plane of impaction at least two times a mean particle diameter of particles in the 



22. The method of cutting a subterranean formation as defined in Claim 14, 



20 



23. The method of cutting a subterranean formation as defined in Claim 14, 
wherein the structurally altered zone includes a compressive spike in the formation. 



24. The method of cutting a subterranean formation as defined in Claim 22, 
25 further comprising: 
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25. The method of cutting a subterranean formation as defined in Claim 14, 
wherein the velocity of the impactors exiting the cutting bit causes a substantial portion by 



5 formation to a depth of at le^t two t^es the mean: diameter of particles in the imp 
foimatioh^ thereby creating an iihpactor altered zone. 



26. The method of cutting a subterranean formation as defined in Claim 25, 
further comprising: 



further structurally alter one of the impacted formation and the engaged formation and (b) 



27. The method of cutting % subterranean formation as defined in Claim 14, 



a plurality of craters Jin the formation each having a crater depth of at least one-third the 
diameter of a respective impactor. 



20 28. The method of cutting a subterranean formation as defined in Claim 27, 

further comprising: 

engaging the formation in the vicinity of the plurality of craters with one or more 
teeth on the cutting bit to extract formation cuttings. 



29. The method of cutting a rock formation as defined in Claim 14, further 



compnsmg: 



altering a feed rate of the plurality of solid material impactors into the cutting fluid 
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30. The method of drilling a subterranean well as defined in Claim 14, further 

comprising: 

5 forming a dual-discharge nozzle fwithin the drill bit for gei^Ming ieach of (1) a 

radially outer drilling fM^ encircling a jet axis, and (2) an axial drilling fluid 

jet substantially aligned with and coaxial with the jet axis; and 

directing a majority by weight of the plurality of solid material impactors into the 
axial drilling fluid jet. 

10 



31. The method of cutting a subterranean forniation as defined in Claim 14, 




32. The method of cutting a subterranean formation as defined in Claim 31, 



15 wherein a majority by weight of the introduced plurality of solid material impactors each 
have a diameter of at least 0.100 inches. ; ; 



33. The method of cutting a subterranean formation as defined in Claim 32, 
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further comprising: 

20 monitoring one or more cutting parameters; and 




of at least one of the one or more monitored drilling parameters or a formation parameter. 

34. The method of cutting a subterranean formation as defined in Claim 14, 
25 wherein the introduced plurality of solid material impactors are substantially crystalline 
shaped and are of a varying; mass. ; : 
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35. The method of cutting a subterranean formation as defined in Claim 14, 
wherein the introduced plurality of solid material impaetors are of a varying mean diameter. 

36. The method of cutting a subterranean formation as defined in Claim 14, 
5 wherein the at least one nozzle includes a plurality of nozzles and a majority by weight of 

the impaetors are passing through one or more of the plurality of nozzles. 

37. The method of cutting a subterranean formation as defined in Claim 14, 
wherein at least one of the at least one nozzles separates a first portion of the drilling fluid 

10 flowing through the impactor nozzle into a first drilling fluid stream having a first drilling 
fluid exit nozzle velocity, and a second portion of the drilling fluid flowing through the 
impactor nozzle into a second drilling fluid stream having a second drilling fluid exit nozzle 
velocity lower than the first drilling fluid exit nozzle velocity. 

15 38. The method of cutting a subterranean formation as defined ih Claim 37, 

further comprising: 

directing the plurality of solid material impaetors into the first cutting fluid stream 
such that a velocity of the plurality of solid material impaetors while eating the drill bit is 
substantially greater than a velocity of the drilling fluid while passing through a nominal 
20 diameter flow path in the bit end of the drill string to accelerate the plurality of solid material 

impaetors 

39. The method of cutting a subterranean fonnation as defined in Claim 14, 
wherein the velocity of a maj ority by weight of the plurality of solid material impaetors 
25 ; i exiting the cutting bit is a least 200 feet per second. 
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40. The imethod of cutting a subterranean formation as defined in Claim 14, 

wherein introducing the plurality of solid material impactors into the cutting fluid further 
comprises: ' 

monitoring one or more drilling parameters; and 

5 adjusting a rate of solid material impactor introduction into the cutting fluid in 

response to the monitored one or more drilling parameters. 

41. A method of drilling a subterranean well through a subterranean 
formation using a drilling rig, a drill string, a fluid pump located substantially at the drilling 

10 rig and a drilling fluid, the drill string including an upper end located substantially near the 
drilling rig and a bit end including a drill bit supported thereon, the method comprising: 

providing the drill bit with at least one nozzle such that a velocity of the drilling fluid 
while exiting the drill bit is substantially greater than a velocity of the drilling fluid while 
passing through a nominal diameter flow path in the bit end of the drill string; 

15 providing a plurality of solid material impactors substantially adjacent the drilling 

rig; 

circulating the drilling fluid from the fluid pump into the upper end of the drill string, 
j through the drill string and through the drill bit, the drilling fluid being pumped at at least 
one of a selected circulation rate and a selected pump pressure; 




the plurality of solid material impactors with the drilling fluid through the drill bit and 
engage the formation with both the drilling fluid and a majority by weight of the plurality 
of solid material impactors, a majority by weight of the plurality of solid material impactors 
having a mean diameter in excess of 0.100 inches; . . 

25 rotating the drill bit while engaging the formation to generate formation cuttings; and 

: ; circulating at least s:ome ofthe drilling fluid, the plurality of solid; material impactors 
and the formation cuttings from the at least one nozzle. 
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42. The method of drilling a subterranean well as defined in Claim 41, further 
comprising: 

substantially separating each of the cuttings and the plurality of solid material 
I impactors from the drilling fluid at the surface of the well to salvage the drilling fluid for 
5 recirculating the drilling fluid into at least one of the well and another well . 

43. The method of drilling a subterranean well as defined in Claim 41, further 
comprising: 

substantially separating the plurality of solid material impactors from the cuttings for 
10 discarding the cuttings and for salvaging at least a portion of the plurality of solid material 
impactors for recirculating the at least a portion of the plurality of solid material impactors 
into the wellbore. 



20 



44. The method of drilling a subterranean 



well as defined in Claim 41, wherein 



15 the velocity of the plurality of solid material impactors exiting the drill bit causes a majority 



a substantial portion by weight of the plurality of solid material impactors engaging the 
formation into the formation a depth of at least one-third a diameter of a respective impactor, 
such that a tooth on the drill bit engages one < 



and a portion of an impactor altered zone of the formation in the vicinity of the propagated 
iinpactor. • 



45. The method of drilling a subterranean well as defined in Claim 44, wherein 



the 



25 bit causes a majority by weight of the plurality of solid material impactors to engage the 
formation and propagate a substantial portion of the plurality of solid material impactors 
engaging the formation into the formation a depth of at least the diameter of a respective 
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impactor, thereby creating a propagation path in the formation and an impactor altered zone 
in the vicinity of the propagation path. 



46. The method of drilling a subterranean well as defined in Claim 45, further 
5 comprising: 

engaging at least one of the propagation path and the structurally altered zone in the 
vicinity of the propagation path with a tooth on the drill bit to extract formation cuttings. 



47. The method of drilling a subterranean well as defined in Claim 41, further 
10 comprising: 

providing an imp actor introduction port upstream of a swivel quill located 
substantially near the upper end of the drill string; and 

introducing the plurality of solid material impactors comprises introducing the 
plurality of solid material impactors through the impactor introduction port into the drilling 



H.15. 


fluid. 






48. 


The method of drilling a subterranean well as defined in Claim 41, further 




comprising: 


U /v n 4nn1 tllA Hrill hit fhr (TRhRratlTlC^ ftfinh of f 1 Y 2L : 


20 


fontii 
radially outer 


UR cl UUttl“ClloCridJLgC JULU£Z«J.C yVIUJJJJL lilt/ AJi-lJLL UJLt. J.V/X y«*v/u. vi V.- 1 

drilling fluid jet substantially encircling a j et axis, and (2) an axial drilling fluid 




jetsubstantia 
directing a n 


.lly aligned with and coaxial with the jet axis, and the dual discharge nozzle 
lajority by weight of the plurality of solid material impactors into the axial 


: : 25 


dnUing fluid 


The method of drilling a subterranean well as defined in Claim 4 1 , wherein 




the injected plurality of solid material impactors are substantially spherical and a majority 



by weight of the plurality of solid material impactors are of a substantially uniform mean 
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diameter. 









50. 



, wherein 



are 



substantially crystalline. 



10 



51. The method of drilling a subterranean well as defined in Claim 41, wherein 
the introduced plurality of solid 
byweighl 
diameter. 



52. 

at least a maiori 



l, wherein 
material impactors have a 
large as 0.333 inches. 



m 



53. 

at least a majority by weight of the introduced plurality of solid m 



, wherein 
aterial impactors have a 



54. The method of drilling a 



20 ai 



subterranean well as defined in Claim 41, wherein 



55 

at least a 
25 non-uni 



56. 



54, wherein 
to 

0.100 inches. 

, wherein 
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at least one of the at least oneiio^les is animpactor nozzle toaccelerate the velocity of the 
plurality of solid material impactors through the one or more impactor nozzles as compared 



path in a lower portion of the drill string. 

57. The method of drilling a subterranean well as defined in Claim 41, wherein 
at least one of the at least one nozzles separates a first portion of the drilling fluid flowing 



nozzle velocity, and a 
10 nozzle into a 



58. 

further comprising: 



15 



such that a 
substantially greater than a 



is 



impactors 



20 



59. The method of drilling a subterranean well as defined in Claim 41, wherein 



exiting the drill bit is at least 200 feet per second. 



25 



60. The method of drilling a subterranean well as defined in Claim 41, wherein 



exiting the drill bit is at least 200 feet per second and as great as 1200 feet per second. 
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. r:;v: i 6 1 . ; The method of drilling a subterranean well as defined in Claim 41, wherein 
the velocity of a majority by weight of the plurality of solid material impactors immediately 
exiting the drill bit is at least 200 feet per second and as great as 750 feet per second; 

62. The method of drilling a subterranean well as defined in Claim 41, wherein 

the velocity of a majority by weight of the plurality of solid material impactors immediately 
exiting the drill bit is at least 350 feet per second and as great as 500 feet per second. 

10 J 63. The method of drilling: a subterranean well as defined in Claim 41, wherein 
introducing the plurality of solid material impactors into the drilling fluid further comprises: 
hydraulically isolating an auger type impactor introduction device from the 
circulating drilling fluid; 

filling the auger type impactor introduction device at a low pressure from a fill end 
15 with a plurality of solid material impactors; 

sealing the impactor introduction device to internally withstand at least the selected 
pump pressure; 

hydraulically communicating a discharge end of the impactor introduction device 
with the drilling fluid at the selected pump pressure; and 
20 displacing solid material impactors from within the impactor introduction device into 

the drilling fluid by rotating an impactor auger within an impactor introducer housing. 

64. The method of drilling a subterranean well as defined in Claim 41, wherein 
introducing the plurality of solid material impactors into the drilling fluid further comprises: 
25 introducing at least 1000 solid material impactors per minute into the drilling fluid. 
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65. The method of drilling a subterranean well as defined in Claim 41, wherein 

introducing the plurality of solid material impactors into the drilling fluid further comprises: 




fluid in response to the total number of times teeth on the bit will impact the formation per 
5 unit of time. - 

66. A method of cutting a subterranean formation using a drilling rig, a drill 
string, a fluid pump substantially at the drilling rig and a cutting fluid, the drill string 
including a feed end located substantially near the drilling rig and a bit end including a 
1 0 ; cutting bit supported thereon, the method comprising: 

providing the cutting bit to include at least one nozzle such that a velocity of the 
cutting fluid while exiting the cutting bit is substantially greater than a velocity of the cutting 
flwd while posing through a nominal diameter flow path m the bit end of the driU stri^ 
providing a plurality of solid material impactors substantially adj acent the drilling 

15 rig; 

circulating the cutting fluid from the flUidpump into the feed end of the drill string, 
through the drill string and through the cutting bit, the cutting fluid being pumped at at least 
one of a selected circulation rate and a selected pump pressure; 

introducing the plurality of solid material impactors into the cutting fluid to circulate 
20 the plurality of solid material impactors with the cutting fluid through the cutting bit and 
engage the formation with both the cutting fluid and a substantial portion by weight of the 
plurality of solid material impactors to create a structurally altered zone in the formation 
having a structurally altered zone height in a direction perpendicular to aplane of impaction 
at least two times a mean particle diameter of particles in the formation impacted by the 
25 plurality of solid material impactors; 

rotating the cutting bit while engaging the formation to generate formation cuttings; 



and 
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circulating at least some of the cutting fluid, the plurality of solid material impactors 
and the formation cuttings away from the at least one nozzle. 

61 . The method of cutting a subterranean formation m de&ed in Claini 66; 
5 wherein a majority by weight of the plurality of solid material impactors have an impactor 
diameter of at least 0.100 inches. 



68. The method of cutting a subterranean formation as defined in Claim 66, 
wherein the structurally altered zone includes a fracture in the formation having a fracture 

1 0 height at least two times a mean particle diameter of particles in the impacted formation. 

69. The method of cutting a subterranean formation as defined in Claim 66, 
wherein introducing the plurality of solid material impactors into the cutting fluid creates at 
least one fracture in the formation having a fracture height at least eight times a mean particle 

15 diameter of particles in the impacted formation. 

70. The method of cutting a subterranean formation as defined in Claim 66, 
wherein introducing the plurality of solid material impactors into the cutting fluid creates at / 
least one fracture in the formation having a fracture height at least two times a mean diameter 

20; of a majority by weight of the plurality ofsolid material impactors impacting the formation. 

71. The method of cutting a subterranean formation as defined in Claim 66, 

; wherein the structurally altered zone includes a compressive spike in toe formation having 

a spike length at least two times a mean particle diameter of particles in the formation. 

25 

72. ; : The method of cutting a subterranean formation as defined in Claim 66, 
wherein the plurality of solid material impactors ai:e introduced into toe cutting fluid after : 
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the cutting fluid has been circulated through the fluid pump. 

73. The method of cutting a subterranean formation as defined in Claim 66, 
further comprising: 

selecting at least one of the selected circulation rate and the selected pump pressure 
such that the momentum of at least five percent by weight of the plurality of solid material 
impactors at a point of impact with the formatioh creates a plurality of fractures in the 
formation each having a fracture length at least two times a mean particle diameter of 
particles in the impacted formation; 

; 74. : The method of cutting a subterranean formation as defined in Claim 66, 

wherein introducing the plurality of solid material impactors into the cutting fluid creates a 
structurally altered zone in the formation having a structurally altered zone height in a 
direction perpendicular to a plane of impaction at least four times a mean particle diameter 
of particles in the impacted formation. 

75. The method of cutting a subterranean formation as defined in Claim 66, 

• wherein introducing the plurality of solid material impactors into the cutting fluid creates a 
structurally altered zone in the formation having a structurally altered zone height in a 
20 direction perpendicular to a plane of impaction at least eight times a mean particle diameter 

of particles in the impacted formation. 



■ : \ 76. ■ The method of cutting a subterranean formation as defined in Claim 66, 
wherein introducing the plurality of solid material impactors into the cutting fluid creates a 
25 structurally altered zone in the formation having a structurally altered zone height in a 
direction perpendicular to a plane of impaction at least two times a mean diameter of a 
majority by weight of the plurality of solid material impactors impacting the impacted 
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forination. 

77. The method of cutting a subterranean formation as defined in Claim 66, 
further comprising: 

5 ) adjusting the rate of introducing the plurality of solid material impactors into the 

cutting fluid. 

78. The method of cutting a subterranean formation as defined in : Claim 66, 
wherein introducing the plurality of solid material impactors into the cutting fluid causes a 

10 majority by weight of the introduced impactors to engage the formation and cause a 
substantial portion of the majority by weight of the impactors engaging the formation to alter 
: ; 6ne or more structural rock properties of the formation in the vicinity of a respective point 
of impact. 

15 79. The method of cutting a subterranean formation as defined in Claim 78, 

: wherein altering one or more structural rock properties includes altering the density of at 
least a portion of the formation in the vicinity of a respective point of impact. 

80. The method of cutting a subterranean formation as defined in Claim 78, 
20 wherein altering one or more structural rock properties includes creating a fracture in the 
formation in the vicinity of a respective point of impact. 

; 81. The method of cutting a subtemmem formation as defined in Claim 78, 
wherein altering one or more structural rock properties includes creating a micro-fractured 
25 zone in the vicinity of a respective point of impact. 

82. The method of cutting a subterranean formation as defined in Claim 66, 
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wherein introducing the plurality of sohd material impactors into the cutting fluid causes a 
first impactor to engage the formation, and subsequently causes at least one additional 
impactor to engage file first impactor thereby causing at least one of the first impactor and 
the at least one additional impactor to alter the structural rock properties in the vicinity of at 
5 least one of the first impactor and the at least one additional impactor. 

83. The method of cutting a subterranean formation as defined in Claim 66, 
wherein rotating the cutting bii causes at least one tooth on the cutting bit to engage at least 
one solid material impactor causing the at least one solid material impactor to alter the 

10 structural rock properties of the formation. 

84. A system for cu^g a subterranean formation using a drilling rig, a drilling 
fluid pumped into a well bore by a fluid pump located at the drilling rig, a drill string 
including a feed end located substantially near the drilling rig, a bit end for supporting a drill; 

15 bit, and including at least one through bore to conduct the drilling fluid between the drilling 
rig and the drill bit, the drill bit including at least one nozzle at least partially housed in the 
i drill bit such that a velocity of the drilling fluid while exiting the drill bit is substantially 
greater than a velocity of the drilling fluid while passing through a nominal diameter of the ; 
^urbughbore in the bit end of the drill string, the systeni comprising: 

20 an impactor introducer to introduce a plurality of solid material impactors into the 

drilling fluid before circulating the plurality of impactors and the drilling fluid to the drill bit; 
the plurality of solid material impactors passing with the drillingifluid through the at least 
one nozzle in the drill bit such that the velocity ofthe impactors while exiting the at least one 
nozzle is substantially greater than a velocity of the drilhng fluid while passing through the 

25 nominal diameter ofthe through bore in the bit end ofthe drill string, such that the plurality 
of impactors impact the formation substantially near the drill bit and at least some ofthe 
plurality of impactors are circulated substantially back to the drilling rig with the drilling 
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fluid, and wherein am^ority by weight of the plurality of solid material impactors have an 
impactor diameter in excess of 0.100 inches. 



85. The system for cutting a subterranean formation as defined in Claim 84, 
5 further comprising: 

an impactor introducer conduit for conducting the plurality of solid material 
impactors from the impactor introducer substantially to the feed end of the drill string. 

86. The system for cutting a subterranean formation as defined in Claim 84, 
10 further comprising: 



a fluid conduit for conducting the drilling fluid from the drilling fluid pump 
substantially to the feed end of the drill string, the fluid conduit having an introduction port 




fluid. 

15 . ; V : : .Vx 

- 87 . The system for cutting a subterranean formation as defined in Claim 86, 
further comprising: 

a gooseneck having a through bore for conducting drilling fluid from the fluid 
conduit to a drilling swivel, and the gooseneck including the introduction port in the 

20 gooseneck; and 

a drilling swivel including a through bore for conducting drilling fluid therein, 
substantially supported on the feed end of the drill string for conducting drilling fluid from 
the goose neck into the feed end of the drill string. ; 

25 88. The system for cutting a subterranean formation as defined in Claim 84, 

further comprising: 

; a drilling flxnd separator located at the suirface to substaiMally separate at least one 
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of the cuttings and the plurality of solid material impactors from the drilling fluid at the 
surface of the well to salvage the drilling fluid for recirculating the drilling fluid into one of 
the well and another well. 

5 89. The system for cutting a subterranean formation as defined in Claim 84, 

further comprising: : 

an impactor separator located at the surface to substantially separate the plurality of 
solid material impactors from the cuttings. : 

10 90. The system for cutting a subterranean formation as defined in Claim 84, 

wherein the plurality of solid material impactors arc substantially spherical. 

91. The system for cutting a subterranean formation as defined in Claim 90, 
wherein a majority by weight of the plurality of solid material impactors have a diameter of 

15 at least 0.125 inches and as great as 0.333 inches. 

92. The system for cutting a subterranean formation as defined in Claim 90, 
wherein a majority by weight of the plurality of solid material impactors have a diameter of 
at least 0.150 inches and as great as 0.250 inches. 

2° ■ ' ■ ; . v 

93. The system for cutting a subterranean formation as defined in Claim 84, 
wherein a majority by weight of the plurality of solid material impactors have a velocity of 
at least 200 feet per second at engagement with the formation. 

25 94. The system for cutting a subterranean formation as defined in Claim 84, 

wherein a majority by weight of the plurality of solid material impactors have a velocity of 
at least 200 feet per second and as large as 1200 feet per second at engagement with the 
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formation. ' 

95. The system for cutting a subterranean formation as defined in Claim 84, 
wherein a majority by weight of the plurality of solid material impactors have a velocity of 

5 at least 200 feet per second and as large as 750 feet per second at engagement with the 
formation. 

96. The system for cutting a subterranean formation as defined in Claim 84, 
wherein a majority by weight of the plurality of solid material impactors have a velocity of 

10 at least 350 feet per second and as large as 500 feet per second at engagement with the 
formation. 

97. The system for cutting a subterranean formation as defined in Claim 84, 
wherein the solid material impactors are substantially metallic; 

15 

, 98. The system for cutting a. subterranean formation as defined in Claim 84, 
wherein the at least one nozzle in the drill bit comprises a dual jet nozzle for separating a first 
portion of the drilling fluid flowing through the dual jet nozzle into a first drilling fluid 
stream having a first drilling fluid exit nozzle velocity, and a second portion of the drilling 
20 fluid flowing through the dual jet nozzle into a second drilling fluid stream having a second 

drilling fluid exit nozzle velocity lower than the first hilling fluid exit nozzle velocity. 

99. The system for cutting a subterranean formation as defined in Claim 98, 
Wherein the at least one dual jet nozzle includes an impactor director portion for directing 
25 the plurality of solid material impactors into the first drilling fluid stream to increase the 
velocity of the plurality of solid material impactors while exiting the at least one dual jet 
nozzle as compared to the velocity of the plurality of solid material impactors while passing 
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through a nominal diameter flow path in a bit end of the drill string. 

100. The system for cutting a subterranean formation as defined in Claim 84, 
further comprising: 

5 an impactor source vessel for holding at least some of the phirality of solid material 

impactors before introducing the plurality of solid: material impactors into the impactor 
introducer. • 

; 101; T3ie: for cutting a subterran^ formation as defined in Claim 84, 

10 further comprising: 

an impactor grader for sorting the plurality of solid material impactors prior to the 
plurality of solid material impactors being circulated from the well. 

102. The system for cutting a subterranean formation as defined in Claim 84, 
15 further comprising: 

a pump to pressurize drilling fluid carrying the plurality of solid material impactors 
to a pressure greater than the selected pump pressure to introduce the plurality of solid 
material impactors into the drilling fluid through an impactor injection port in a drilling fluid 
line, the impactor injection port located between the fluid pump and the feed end of the drill 
20 string. 

103. The system for cutting a subterranean formation as defined in Claim 84, 
further comprising: 

an impactor inj ector including an auger for infroducing the plurality of solid material 
25 impactors into the drilling fluid between the fluid pump and the upper end of the drill string. 
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formation cutting method and system 
held of the invention . 

This htvenrion is generally appbcable to ctUfing eartoen or subterranean fo— . 

More particularly, this invention is applicable to drilling wells such as oil, gas or geo enn 

wens. Additionally, this invention n^ be used in drilling and mining wheremtunnelMitp 

chases, foundation piers, holes or other penetrations or excavahonsare e 
formations for purposes other than production of hydrocarbons or geoihennal energy. 

*. »™» — « ■ «> »*■**-“ ’ 

integrates and considers marry variables to ensure a usable bore is 

commonly known in the all, many variables have an interactive and cumulative rffect 

^drilling costs. These vanab.es may include fonnauon hardness, ab_ 

pore pressures and formation elastic proves. to drilling wellbores, " “ 

and a corresponding degree of drilling difficulty may increase exponentially as a . 

of increasing depth. A high percentage of the costs to dnU a we me <* 

interdependent „pemtions that are time sensitive, U. dte iouger 

formation being drilled, the more it costs. One of toe most important fectomaffecung 

com of drilling a wett bow is the tstemwbi<&ti» formation can be penrtratedbytiie^ 

0 bit, winch typically decree vito harder and tougher tonnsrion maters an»— 
depth Consequently, driffing costs typically tend ,o tncrease 

. z^=~5z£=zz: 

r „ nV : n 1980 outlines several novel efforts 

Company nr 198U omnn illustrates the tremendous 

' increasing the rate of penetrance. Further, Dr. Maurer 
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inierest, breadth of participation and significant money spent attempting to fulfill the long- 
felt need for substantially improving the ROP. 




discussio n relating to this invention. The first two of these efforts involved high-pressure 
5 circulation of adrilling fluid as a foundation forpotentiaDy increasingtheiate ofpenetrafion. 

It is common knowledge that hydraulic power available at die rig site vastly outweighs the 
power available to be employed mechanically at the drill bit For example, modem drilling 
rigs capable of drilling a deep well typically havein excess of 3000 hydraulic horsepower 
available and can have in excess of 6000 hydraulic horsepower available while less than one- 
10 tenth of that hydraulic horsepower may be available at the drill bit Mechanically, there may 

be less than 100 horsepower available at the bit/rock interface with which to mechanically 
drill the formation. 

One of file first significant efforts at increasing rates of penetration was a promising 
attempt to directly harness and effectively utilize hydraulic horsepower at Ihe drill bit by 
15 incorporating entrained abrasives in conjunction with high pressure drilling fluid (“mud”). 
This resulted in an abrasive laden, high velocity jet assisted drilling process. The most 
comprehensive work conducted in attempting to use drilling fluid entrained abrasives was 
' conducted by Gulf Research and Development Company. This work is described in detail 
in a number of published articles and is the subject of many issued patents. This body of 
20 work teaches the use of abrasive laden jet streams to cut concentric grooves in the bottom 
of the hole leaving concentric ridges that are then broken by the mechanical contact of the 
drill bit There was ample demonstration that Ihe use of entrained abrasives in conjunction 
with high drilling fluid pressures caused accelerated erosion of surface equipment and an 
inability to control drilling mud density, among other issues. Generally, the use of entrained 
25 abrasives was considered practically and economically unfeasible. This work was 
summarized in the last published article titled “Development of High Pressure Abrasive-Jet 
Drilling ” authored by John C. Fair, Gulf Research and Development It was published in 
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the Journal ofPetroleum Technology in the May 1981 issue, pages 1379 to 1388. Due to this 
discou raging terminal report, the industry has not meaningfully attempted to further 
investigate ar»d develop a system to use abrasives for well bore drilling purposes. 

A second significant effort to directly harness and effectively utilize the hydraulic 
5 horsepower available at the bit incorporated the use Of ultra-high pressure jet assisted 
/trilling A group known as FlowDril Corporation was formed to develop an ultra-high- 
pressure liquid jet drilling system in an attempt to significantly increase the rate of 
penetration. FlowDril spent large sums ofmoney attempting to commercially field a drilling 
system. The work was based upon US patent number 4,624,327 and is well documented in 
10 the published article titled “Laboratory and Field testing of an Ultra-High Pressure, Jet- 
Assisted Drilling System" authored by J. J. Me, Quest Integrated Inc., andR. OttaandD. 
L. Stang, FlowDril Corporation; published by SPE/IADC Drilling Conference publications 
paper nnmber 22000. Further to the cited publication, it is common knowledge tiiat the 




Corporation is continuing development of an “Ultra-High Pressure Down Hole Intensified 
as a substitute technology in an effort to commercialize its product. Ofnote is the feet that 
FlowDril demonstrated that generating a kerf near the hole gage will produce increased - 
efficiencies for themecbanical action of the drill bit This is cited in the conclusions stated 
20 in the article titled “Ultra-High Pressure Jet Assist of Mechanical Drilling” authored by S. 

D. Veehnizen, FlowDril Corp; J. J. Me, Hydropulse L. L. C.; and C. C. Rice and T. A 
O’Hanlon, FlowDril Corp. publishedby SPE/IADC Drilling Conferencepublications, paper 

37579. • 

A third significant effort at increasing rates of penetration by taking advantage of 

25 hydraulic horsepower available at the bit was developed by the inventor who was issued US 

patentNumber 5,862,871 fortheprocess. This development employed the use of a specialized 
nozzle to excite normally pressured drilling mud at the drill bit Die purpose of this nozzle 
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system was to develop local pressure fluctuations and a high speed, dual jet form ofbydranlic 
jet streams to more effectively scavenge and clean both the drill bit and file formation being 
drilled. It is believed that these novel hydraulic jets were able to penetrate the fracture plane 
generated by the mechanical action of the drill bit in a much more effective manner than 
5 conventional jet were able to do. Rate of penetration increases from 50% to 400% were field 

demonstrated and documented in the field reports titled “DualJet Nozzle Field Test Report - 
Security DBS/Swift Energy Company,” and “Dualist Nozzle Equipped M-1LRG Drill Bit 
Rjun”. The ability ofthe dual jet CTJnalJet”) nozzle system to enhance the effectiveness of the 
drill bit action to increase the effective rate of penetration required that the drill bits first 
10 initiate formation indentations, fractures, or both. These features could then be exploited by 

the hydraulic action ofthe DualJet nozzle system. 

Due at least partially to the effects of overburden pressure, formations at deeper depths 
maybe inherently tougher to drill due to changes in formation pressures and rock properties, 
inchidmghardness and abrasiveness. Associated in-situ forces, rock properties and increased 
15 drimog fluid density effects may set up a threshold point at which the drill bit drilling 
mechanics changes from formation fracture inception to a work hardening effect upon-the 
formation. Generated by indentation mechanics upon more plastic rocks such as typically 
found at deeper depths, the work hardening effects may cause flaking failure ofthe drilled 
formation surface by the drill bit, as opposed to fracture inception. Repeated compacting of 
20 the formation by the drill bit teeth may toughen the plastic-like formation encountered at 
deeper depths. The effectiveness ofthe DualJet nozzle systemmincreasingrate of penetration 
in these toughened, more plastic formations was reduced due to a reduction in the generation 
of fractures and chip-like cuttings. Under these tougher drilling conditions, theprocess of chip 
generation was solely the fimction ofthe mechanical action ofthe drillbit, resulting in reduced 
25 rate of penetration. If the mechanical action ofthe drillbit could no longer incipiate formation 

fractures under these conditions, it became obvious that a hydraulic assist technology, which 
was thereby unable to effectively cut the formation, would be of little assistance. 
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Anoflier significant factor adversely effectingrate ofpenetrationinfonnation drilling, 
especially inplastic type rock driffing, such as shales, is abuild-up of hydraulically isolated 
crushed rockmaterial on the surface being drilled. This occurrence is predominantly a result 
of repeated im parting and recompacting of previously drilled particulate material on the 
5 bottom of die hole by fee bit teeth, thereby forming a false bottom under the repeated 

imparting of the drill bit teeth. The substantially continuous process of drilling, 
recompacting, removing, re-depositing and recompacting and drilling new material may 
significantly adversely effect drill bit efficiency and rate of penetration. The recompacted 
material is at least partially removed by mechanical displacement due to the cone skew of 
10 the roller cone type drill bit and partially removed by hydraulics, again emphasizing the 
importance of good hydraulic action and hydraulic horsepower at the bit For hard rock bits, 
build-up removal by cone skew is typically reduced to near zero, which may make build-up 

removal substantially a function of hydraulics. 

The history of attempts to increase the rate of penetration as the well bore deepens 
IS illustrates a fundamental problem. This problem has been the inability to employ a means 
to generate formation fiactures or formation disintegration under in-situ conditions at depth 
There are no modem processes or practices currently available to the drilling industry that 
can drill at relatively high rates ofpenetration under “at depth” conditions. Therefore, there 
is a high demand for a drilling system capable of commercially drilling well bores at high* 

20 rales ofpenetration in deep or tough formations. 

There have been many efforts to increase ROP by improving the mechanical ami the 
hydraulic actions of the drill bit When a drill bit cuts rock or formation, several actions 
rate ofpenetration and bit efficiency may be occurring. The bit teeth may be 
p utting mining , pulverizing, scraping, shearing, sliding over, indenting and ftacturing the 
25 formation thebit is encountering. The desired result is that formation cuttings or chips are 
generated and circulated to the surface by the drilling fluid. Other fectors may also effect 
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rate of penetration, including formation structural or rock properties, pore pressure, 
temperature drilling fluid density may also adversely effect rates of penetration. 

There are generally two categories of modem drill bite that have evolved from over 
a hundred years of development and untold amounts of dollars spent on die research, testing 
5 and iterative development These are die commonly known fixed cutter drill bit and the 
roller cone drill bit. Within these two primary categories, there are a wide variety of 
variations, with each variation designed to drill a formation having a general range of 
formation properties. 

The fixed cutter drill bit is generally employed, to drill the relatively young and 
10 unconsolidated formations while the roller cone type drill bit is generally employed to drill 

the older more consolidated formations. These two categories of drill bite generally 
constitute the bulk of the drill bits employed to drill oil and gas wells around the world. 
When a typical roller cone rock bit tooth presses upon a very hard, dense, deep formation, 
the tooth point may only penetrate into toe rode a very small distance, while also at least 
15 partially, plastically “working” the rock surface. Under conventional drilling techniques, 
such working toe rock surface may result in tou g h e ning toe formation in such a way as to 
make it even more difficult to penetrate with a drill bit . Thispeening effect may equalize toe 
compressive forces over toe drilling surface, creating a toughened “skin” or “hard-face” on 
toe formation 

20 With roller cone type drilling bits, a relationship exists between toe WOB, toe 

number of teeth that impact upon the formation, and the drilling RPM. This relationship may 
be roughly equivalent to a “shots per second” factor in shot peening metals to alter toe 
properties of toemetal surface. Since WOB may be relatively constant, the repealed pulsing 
action of toe teeth upon the formation can cause work hardening of toe formation and may 
25 thereby impede penetration by toe rock bit into the formation. This effect may become more 

pronounced as formation depth, rock hardness and overburden forces increase. 
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Subsequerrt increases in WOB may assist the rate of penetration, but may also result 
ia accelerated bit bearing wear, breakage of bit teeth, or both. Unanticipated changes in 
frrrmatirvn properties and formation drillability over the course of the well bore may result 
in a or less than ideal mix between bit type being used, controllable drilling 

5 parameters and formations actually encountered. Severe mismatches may result in 
accelerated bit wear, destruction, or both. Anticipation of suchcKxnrrencesmayresultinthe 
drilling operator operating the bit in arather conservative mode to prevent damage to the bit 
and to avoid Sequent bit replacements. Such replacements require additional time and 
a q ii j p rngrrf resulting in increased well bore expenses. 

LO The oil and gas exploration and production industry is proj ected to spend in excess 

of $100 billion dollars in the current FY2000 according to Arthur Anderson’ s - “Global E7P 
Trends” July 1999. As demonstrated, and from common knowledge within the oil and gas 
exploration and production industry, improvement in the rale of penetration in foe drilling 

of a well bore can have a significant economic effect 

L5 An improved method for cutting or drilling subterranean formations is desired in 

order to reduce well or excavation costs through increased rates of penetration, reduced bit 
wear and reduced drilling time. It is also desired to increase foe efficient use of hydraulic 



‘ and mechanical energy at a drill bit in drilling or cutting such formations. The disadvantages 




This invention has particular utility in drilling well bores, cutting tunnels, pipe chases and 



other subterranean formation excavations. 
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SUMMARY OF THE INVENTION 

A suitable method for drilling or cutting a subtetrsnean formation according to the 

„eseminVentionindudeSCCnCUn^ 

virile rotating a drill bit Inaneicemphny application, a majority of the nupactoro may be 
substantially spherical steel shot having amean diameter offtom 1.150 to 0.250 mche Bin 
jmpactors may be of sufficient mass and may be accelerated to sufficient velocity through 

anomie with which to impale into and/or engage foeimpactorswithafbiniatian and thereby 

effect substantial structural changes to die engaged fonnation. He antfoipmed fornroticm 

(granges to the formationmatrtc or structure are well beyond foe changes that were possible 

wiU, mere abrasives and/or high pressure fbnds. He importers of tins invention 
substantially have a higher mass and size them prior sbmstve or jetring pansies, however, 
tbey are accelerated substantially to a velocity lower foan the velocities used in abrasrve ea 

jetting technology. Ihehnpaotorsofahstoentionmaybeaplinah^of md^erdenhso 

'material, hnpactor bodies with a majority by. weight of the impactors having a mean onm 
diameter of at least 0.100 inch« . 

. impactingafornrationwifoarelatively large impactorwhiledrillirigriiay beneficially 

aher the structural properties of the fonnation to a depth not possible under prior art, ki as 

to enhance the rate of penetration byfoe drill bit, tbroughanumber of combinations ofbo 

independent and inter-related mechanisms. Thesenmchanisnmnmhrdeeachofmectolcal, 

I thermal and hydraulic mechanisms, as discussed in the specification. Energy imp 

the formation ahead of the bit by die impmriors may independently remove 
fonnation, and may ehnaltarreously and beneficially alter fonnation rode 
modified or altered formation may be more amenable to mechanical 
removal or cutting generation by rotational and gravitational energy in foe bit teeflr. 

5 Such altered fonnation may also be more amenable to removal by tire kmeho energy 

in subsequent impactor and in the cutting fluid. In addition, the effect of foe impactore optm 
foe fonnation may enhance erpenditure of hydmulic energy a. foe fonnation face to 




hydraulically create and remove cuttings from the formation face. Impact from the impactor 
upon the formation may mechanically induce a plurality of micro-fractures, stress features 
or other formation deformations in the impacted area, which may then be more readily 
hydraulically exploited. Such enhanced hydraulic action andmechanical deformations may 
5 reduce the work required by the bit teeth to both create and remove the formation cuttings, 

thereby extending bit life while increasing the rate of penetration. 

Under prior art, the use of abrasive particles entrained within drilling fluid in drilling 
operations has been to relieve relatively small particles from the drilled surface. Under such 
operations, the relieved formation particles typically have a mass or size substantially equal 

10 or less than the mass or size ofthe abrasive particle. This disclosure is related to the use of 

relatively larger impactors with the significance event mechanism being formation 
deformation, fracturing, structural alteration or propagation therein by the impactor. Such 
• events may result in or create mechanical advantages, force point location changes, 
overburden stress relief in localized areas and dynamic mixing with the formation. One 
15 impactor may remove several hundred rock grains or particles. An additional benefit may 

be to cause a fundamental shifi in the understanding and application of rock drilling 



20 



25 



mechanics, theories, and techniques. 

.i- this invention >•- * a substantial portion of the mechanical 

advantages are obtainedby impact mechanics as opposedto the abrasive mechanics of prior 
art. Impactors entrained within a drilling fluid are accelerated through one or more nozzles ' 
inornearthebit. Although generally accelerated* a lower velocity than prior krt abrasives, 
due to their higher mass and larger size, a substantial portion by weight ofthe impactors may 
impact the formation ahead of the bit consistently with sufficient energy to structurally alter 
and/or at least partially penetrate into the formation, to a depth beyond the first two layers 
of encountered formation grain material or particles. In many instances, foe impactors will 
be impacted into foe formation to a depth several times the diameter of foe impactor. Such 
technique is significantly distinguishable from foe abrasive and high-pressure hydraulic 
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methods of the prior art in that mate prior artteSm^m^rtdcSjnncdbeyonafhe 

first layer of formation grain material or particles. 

He impactors may act independent Som4» cutting and compressing action of the 
bit. and ft. impactors may act hr concert with foe meduurical, culling and compressing 

5 actions ofthebittofhrfoereirhancerateofpenetratioil. An injector based drilling system 

fin drilling wetiboresmaybeprsfiiiinediising substantially conventionaldrilling equipment 

as known and nscd in drilling well bores. A drilling rig including a fidd pump .may pump 

a drilling fluid down a drill string from foe drilling rig to a drill bit He drilling fond may 

be pnmpedby a flnid pnmp. through the drill string and through one or more Wnozdes as 

10 foe bit is rotated while in engagement with the formation. Tbe drilling Quid and cuttings 

may be circulated substantially back to foe surface where foe drilling fluid may be separated 
from foe cuttings, such that foe drilling Quidrnay be recirculated infoe well bore. Additional 

known equipment may also be provided, including an impactorpump, such asaprogressive 

cavity pump, to pump a slurry including impactms into foe drilling fluid stream. 

15 He impactors are geometrically larger than particulate material used fin drilling or 

formation cutting under prior art, such as abrasives. In a pmferred embodiment, foe 
fa nmetors are substantially spherical sled foot or BBS, having a mean dhuneter of at least 
0100 inches The impactors are typically pumped at conventionally low drilling fond 

circulation pressures and typically exit foe bit nozzle such that amajority by wei^it of the 

20 impactors exiting foe nomle may impact foe formation at a velocity less dun -SOteetper 
second He momentum of foe impactors provides sufficient energy at foe fbtmahcn face, 
even at the relatively low velocity, to effect the desired fimnation etroctuml distortion, 
alteration, penetration and/or fracturing. A plurality of individual impactors may be 
introduced into foe fluid system and subsequently engaged with foe formation substantrally 
25 sequentially and continuously whhrespect to theofoerimpactots introduced into the system. 
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The plurality of solid material impactors may be introduced into the catting or 
drffling fluid to circulate the impactors with the fluid, through the cutting or drill bit and into 
engagement with fee formation. 

A c utting fluid or drilling fluid may be pumped at a pressure level and a flow rate 
5 level sufficient to satisfy an impaetor mass-velocity relationship wherein a substantial 
portion by weight of fee impactors may create a structurally altered zone in fee formation. 

. A substantial portion means at least five percent by weight of fee impactors, and more 
particularly at least twenty-five percent by weight, and even more particularly, at least a 
majority by weight of fee plurality of solid material impactors introduced into fee drilling 
10 fluid. The stnicturally altered zone may have a structurally altered zone height in a direction 
perpendicular to aplane of impaction atleast two times amean particle diameter of particles 
in fee formation impacted by fee plurality of solid material impactors. 

* ... ^ -'ffoepreserrt invention^ provide an improved system andmefeodfor 

cutting & formation, such as when drilling a well bore. The techniques of this invention may 
15 facilitate drilling well bores or cutting earthen formations in a commercially improved 

manner. 

r * ^ provide^ a method for drillmg or cutting 

through formations wife improved bit efficiency and rates of penetration. This invention 
may provide techniques which may significantly improve hit efficiency and rates of 
20 penetration. Such improvements may be realized through formation alteration, mechanical 

effects fiom both the impactors and fee bit, ardfiom improved use ofhydraulic power at fee 

bit 

T> • i- ♦- provide improved methods of cutting or 

■ drilling Through formations possessing a variety of fonnation properties. The methods end 
25 systems of this invention may be effectively applied to relatively sdft formations as well as 

relatively hard or conventionally difficult to drill formations. 

~rovide improved methods and systems for 

cutting or drilling through formations in a variety of applications. The methods and systems 
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of this invention may he applied to the drilling of well bore, such as used in oil and gas 
Hriiitne, and geothermal drilling. In addition, themethods and systems ofthisinventionmay 
be effectively applied to mining, tunneling, cutting pipe chases, trenches, foundation piers 
and other earthen excavation operations. 

5 - /• ~ of dais invention *? provide methods and systems for 

supplementing foe mechanical action of foe bit with a fluid based impactor delivery system 

wifo sufficient energy to satisfy amass-velocity relationship sufficient to supplement and/or 

assist the mechanical action of the bit 

i r,< Kr*' * + ~ provide methods slid sy steins for 

10 introducing solid material impactors into a drilling fluid to impart energy generated in the 

impactors into foe formation generally ahead of foe drill bit The impactors utilized by this 
invention are relatively large as compared to abrasive type particles. The introduction of 
impactors into foe drilling fluid and subsequently increasing foe velocity of foe impactors 
■ while passing through a nozzle can sufficiently energize the impactors to alto - the structural 
15 properties of foe formation matrix. Such altered matrix may subsequently be exploited 
mechanically and hydraulically by foe drill bit. The impactors may also effect removal of 

multiple grains or chins of formation as a direct result of foe impact event 

t a; „ .. 1 ^TTiay utilize impactors having amean 

diameter or length dimension of tu leas 4 MOO inches. In — -M^bodiment am^ority 
20 by weight of the impacts may include a mean diameter between 0.150 inches and 0.250 

inches Other embodiments may utilize even larger.impactors. 

tue impactors maybe at leastpartiafly energized through either 

a convention bit nozzle or through other known non-convention nozzles, such as a dual jet 
nozzle. Special nozzles may also be designed to accommodate or energize foe impactors. 
25 jr£v*c&a >■ ***** impactors maybe generally spherically 

shaped, Sbaped, including angular and sub-angular shaped, or specially shaped. 

The impactors may also be metallic, such as steel, thereby having a relatively high density 




and high compressive strength. Alternatively, oilier materials may be utilized which may 
possess desirable properties as appropriate to die application at hand. For example, a 
particular application may be best optimize by an impactor possessing a relatively high 

surface area to weight ratio, or low density with high crush resistance. 

5 ^ tw.tfae required energy levels in die impactors may 

be achieved by relatively low impactor velocities # ft e point ofimpact. Impactor velocities 

at the point of inpact may typically be less than >50 feet per second for impactors each 

' ha v ing a di9Tne t ** r in excess of 1 i.100 inches 

- - ~ r »«+.w«,ofc'he impactors may create a structurally 

10 altered zone or matrix in the formation having an altered length, height, width, or any 
thereof of at least two times a mean particle diameter of particles m the 
formation impacted by the impactor. The alteration may be due to the impactor impact, the 
interaction of the bit with the respective ippactor, the interaction of multiple impactors, or 



any combination thereof ' 

Author .. **-*♦ the impactors may facilitate 

lcvm^toict^o^aDdgr^o^^oftobiltoactai^yorl^ymte 

the formation being drilled or cut, to effect cutting generation. 

v. . rAi rate of impactor introduction into die drilling 

fluid may be altered as desired, or as detemioed Sam (tilling parameters or formation 
characteristics. For example,**® drilling a well bore, relatively fewer tapaetcasmaybo 

numb® of impactors desired when 



drilling a relatively gummy formation. . 

T. • - „ 1 _- - —ar^— i-Vret.the methods and systems offtis invention 

may be applied to many subterranean excavation, cutting and/or drilling operations. 
25 Applicable operations may include drilling a well bore in the oil and gas industry, 
geothermal wells, tunnels, pipe chases, foundation piers, or other earthen penetrations. 




-s. — •* ^invention may generally utilize existing 

drilling rig equip ment Additional known equipment may be included, such as an unpactor 
source vessel, unpactor mixing vessel, an impactor slurry pump and line, and an impactor 
introduction port For example, the introduction port may be a port on the gooseneck above 
5 a rotary swivel. 

It is also an advantage of the invention that very little additional tra ining or skill may ’ 
berequired of the crews operating die drilling rig. Some experience and skill may otherwise 
be useful in adj usting the impactor introduction rate. However, even impactor rate 
adjustment may not require much more doll than other related drilling decisions, such as 
10. weight onbit, rotary speed, pump rate and pump pressure. Such deter mina tions are regularly 

made during drilling and cutting operations. 

Yet another advantage offbis invention is that it may be practiced utilizing equipment 
that is known in die drilling and formation cutting industries. Although some known 
equipment may be adapted that would not otherwise have been adapted for use with this 
15 invention, the invention does rely upon novel equipment for an operation embodiment. For 

example, a progressive cavity pump may pump the impactor sluny and a drill bit may utilize 

a standard size set of bit nozzles. . 

St31 a further advantage olthe inventioq.that the footage drilled by a given drill bit 
may be si gnificantl y increased and that bit life may be extended by reducing the amount of 
20 work per unit time and work per unit distance that the bit must perform. Such advantages 

may also reduce rig time by reducing the number of bit trips required to change drill bits. 

A si gnificant advantage A ot tins invention is that the additional costs for including this 
' invention in a drilling or cutting operationmay be relatively nominal as compared to the total 
dri lling costs. In addition, the additional costs may be significantly offset by the increased 

25 rates of penetration and decreased rig time. 

The methods and systems described herein are not limited to specific impactor sizes 
or shapes but rather controlled by the physical and material sciences of force, velocity. 
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mdting points, rock properties, mechanics, hydraulics, compressive and fracture 
characteristics, porosity, etc. This invention may be applied broadly and to other fields of 
endeavor -where the cutting of earthen formations or other materials, such as concrete, by 
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According to one aspect of this invention there is provided a method of 
cutting a subterranean formation using a drilling rig, a drill string, a fluid pump 
located substantially at the drilling rig, a cutting fluid and plurality of solid 
5 material impactors, the drill string including a feed end located substantially 
near the drilling rig and a nozzle end including a nozzle supported thereon, the 

method comprising: 

providing at least one nozzle such that a velocity of the cutting fluid 
while exiting the nozzle is substantially greater than a velocity of the cutting 
10 fluid while passing through a nominal diameter flow path in the nozzle end of 
the drill string; 

circulating the cutting fluid from the fluid pump into the feed end of the 
drill string, through the drill string and through the nozzle, the cutting fluid 
being pumped at at least one of a selected circulation rate and a selected pump 

15 pressure; 

introducing the plurality of solid material impactors into the cutting fluid 
to circulate the plurality of solid material impactors with the cutting fluid 
through the nozzle and engage the formation with both the cutting fluid and the 
plurality of solid material impactors; 

20 pumping the cutting fluid at a pressure level and a flow rate level 

sufficient to satisfy an impactor mass-velocity relationship wherem a 
substantial portion by weight of the plurality of solid material impactors creates 
a structurally altered zone in the formation having a structurally altered zone 
height in a direction perpendicular to a plane of impaction at least two times a 
25 mean particle diameter of particles in the formation impacted by the plurality of 
solid material impactors; 

circulating at least some of the cutting fluid, the plurality of solid 
material impactors and the formation cuttings away from the at least one 

30 nozzle. 




Preferably the method further comprises the step of rotating the nozzle 
while engaging the formation to generate formation cuttings. 

In one embodiment a substantial portion by weight of the solid material 
impactors have a velocity of at least 60.96 m/s (200 feet per second) at 
engagement with the formation. 



In another embodiment a substantial portion by weight of the solid 
material impactors have a. velocity of at least 60.9 6 m/s (200 feet per second) 
and as great as 365.8 m/s (1200 feet per second) at engagement with the 

formation. - 

In a furthef embodiment a substantial portion by weight of the solid 
material impactors have a velocity of at least 60.96 m/s (200 feet per second) 
and as great as 228.6 m/s (750 feet per second) at engagement with the 

formation. 

In a still further embodiment a substantial portion by weight of the solid 
material impactors have a velocity of at least 106.7 m/s (350 feet per second) 
and as great as 152.4 m/s (500 feet per second) at engagement with the 

formation. 

In another embodiment a substantial portion by weight of the solid 
material impactors have a density of at least 7.529 g/cm 3 (470 pounds per cubic 
foot) and a diameter in excess of 0.254 cm (0.100 inches). 
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In one embodiment the mass-velocity relationship of a substantial 
portion of the plurality of solid material impactors provides at least 344.7 bar 
(5000 pounds per square inch) of force per area impacted by a respective solid 
5 material impactor having a mean diameter in excess of 0.254 cm (0.100 inches). 

In another embodiment the mass-velocity relationship of a substantial 
portion of the plurality of solid material- impactors provides at least 1379 bar 
(20,000 pounds per square inch) of force per area impacted by a respective 
10 solid material impactor having a mean diameter in excess of 0.254 cm (0.100 
inches). 

In a further embodiment the mass-velocity relationship of a substantial 
portion of the plurality of solid material impactors provides at least 2068 bar 
15 (30,000 pounds per square inch) of force per area impacted by a respective 

solid material impactor having a mean diameter in excess of 0.254 cm (0,100 
inches). 

In one embodiment a substantial portion by weight of the plurality of 
20 solid material impactors create a structurally altered zone in the formation 
having a structurally altered zone height in a direction perpendicular to a plane 
of impaction at least four times a mean particle diameter of particles in the 
formation im pacted by the plurality of solid material impactors. 

25 In another embodiment a substantial portion by weight of the plurality of 

solid material impactors create a structurally altered zone in the formation 
having a structurally altered zone height in a direction perpendicular to a plane 
of impaction at least eight times a mean particle diameter of particles in the 
formation impacted by the plurality of solid material impactors. 




According to another aspect of this invention there is provided a method 
of cutting a subterranean formation using a drilling rig, a drill string, a fluid 
pump located substantially at the drilling rig, a cutting fluid and plurality of 
5 solid material impactors, the drill string including a feed end located 
substantially near the drilling rig and a bit end including a cutting bit supported 
thereon, the method comprising: 

providing the cutting bit with at least one nozzle such that a velocity of 
the cutting fluid while exiting the cutting bit is substantially greater than a 
10 velocity of the cutting fluid while passing through a nominal diameter flow path 

in the bit end of the drill string; 

circulating the cutting fluid from the fluid pump into the feed end of the 
drill string, through the drill string and through the cutting bit, the cutting fluid 
being pumped at at least one of a selected circulation rate and a selected pump 

15 pressure; 

introducing the plurality of solid material impactors into the cutting fluid 
to circulate the plurality of solid material impactors with Ihe cutting fluid 
through the cutting bit and engage the formation with both the cutting fluid and 
the plurality of solid material impactors, a substantia] portion by weight of the 
20 plurality of solid material impactors each having a mean diameter in excess of 
0.254cm (0.100 inches); 

rotating the cutting bit while engaging the formation to generate 

formation cuttings; 

25 and 

circulating at least some of the cutting fluid, the plurality of solid 
material impactors and the formation cuttings away from the at least one 

nozzle. 




Preferably the method further comprises the steps of: 
introducing the plurality of solid material impactors into the cutting fluid 
to circulate the plurality of solid material impactors with the cutting fluid 
5 through the cutting bit and engage the formation with both the cutting fluid and 
the plurality of solid material impactors; 

pumping the cutting fluid at a pressure level and a flow rate to create a 
structurally altered zone in the formation having a structurally altered zone 
height in a direction perpendicular to a plane of impaction at least two times a 
10 mean particle diameter of particles in the formation impacted by the plurality of 
solid material impactors. 

Conveniently the method further comprises the steps of. 
selecting each of the at least one nozzles for inclusion in the bit as a 
15 function of at least one of: (a) an expenditure of a selected range of hydraulic 
horsepower across the one or more nozzles, (b) a selected range of drilling fluid 
velocities exiting the one or more nozzles, and (c) a selected range of solid 
material impactor velocities exiting the one or more nozzles. 

20 . Advantageously the method further comprises the steps of. 

determining at least one or more drilling parameters from a group 
consisting of (a) a number of teeth oil the cutting bit that engage the formation 
per unit of time, (b) a rate of cutting bit penetration into the formation, (c) a 
depth of cutting bit penetration into the formation from a depth reference point, 
25 (d) a formation drillability factor, (e) a number of solid material impactors 

introduced into the drilling fluid per unit of time, (f) at least one of an axial 
force and a rotational force applied to the cutting bit, (g) the selected circulation 
rate, and (h) the selected pump pressure. 




f 
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Preferably the method further comprises the steps of: 

monitoring one or more drilling parameters; and 

altering at least one of the monitored one or more drilling parameters 
5 and another drilling parameter as a function of the monitored one or more 
drilling parameters. 

Advantageously monitoring one or more drilling parameters includes 
monitoring one or more drilling parameters from a group of drilling parameters 
10 consisting of (a) a rate of cutting bit rotation, (b) a rate of cutting bit penetration 

into the formation, ( c) a depth of cutting- bit penetration into the formation 
from a depth reference point, (d) a formation drillability factor, (e) a number of 
solid material impactors introduced into tihe drilling fluid per unit of time, (f) at. 
least one of an axial force and a rotational force applied to the cutting bit, (g) 
15 the selected circulation rate, and (h) the selected pump pressure. 

; Conveniently altering at least one of the monitored one or more drilling 
parameters and another includes altering (a) at least one of a rate of impactor 
introduction into the drilling fluid, (b) an impactor size, ( c> an impactor 
20 velocity, (d) a cutting bit nozzle selection, ( e) the selected circulation rate of 
the drilling fluid, (f) and the selected pump pressure. 

Preferably the velocity of the cutting fluid while exiting the cutting bit 
causes a substantial portion by weight of the plurality of solid material 
25 impactors to create a structurally altered zone in the fomaation having a 
structurally altered zone height in a direction perpendicular to a plane of 
impaction at least two times a meall particle diameter of particles in the 
formation impacted by the plurality of solid material impactors. 
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Conveniently the structurally altered zone Includes fractures propagated 
into the formation. 

5 Advantageously die structurally altered zone includes a compressive 

spike in the formation. 

Preferably the method further comprises the step of: 

engaging at least one of the propagated fractures and an impactor altered 
1 0 zone of the formation in the vicinity of the propagated fracture with a tooth on 
the cutting bit 

Conveniently the velocity of the impactors exiting the cutting bit causes 

a substantial portion by weight of the impactors to engage the formation and 
15 alter the structural properties of the formation to a depth of at least two times 
the mean diameter of particles in the impacted formation, thereby creating an 
impactor altered zone. 

Advantageously the method further comprises the steps of: 

20 engaging at least one of a solid material impactor and the impactor 

altered zone with at least one of an another solid material impactor and a tooth 
on the cutting bit to one of (a) further structurally alter one of the impacted 
formation and the engaged formation and (b) to extract a cutting chip from the 
formation. 

25 

Preferably the velocity of the plurality of solid material impactors exiting 
the cutting bit creates a plurality of craters in the formation each having a crater 
depth of at least one-third the diameter of a respective impactor. 




Conveniently the method further comprises: 

engaging the formation in the vicinity of the plurality of craters with one 
or more teeth on the cutting bit to extract formation cuttings. 

5 

Advantageously the method further comprises the step of: 
altering a feed rate of the plurality of solid material impactors into the 
cutting fluid in response to a monitored drilling parameter. 



10 Preferably the method further comprises the steps of: 

forming a dual-discharge nozzle within the-drill bit for generating each 
of (1) a radially outer drilling fluid jet substantially encircling a jet axis, and (2) 
an axial drilling fluid jet substantially aligned with and coaxial with the jet axis; 
and 

15 direc ting a majority by weight of the plurality of solid material impactors 

into the axial drilling fluid jet. 

Conveniently each of the introduced plurality of solid material impactors 
is substantially spherical. 

20 

Advantageously the introduced plurality of solid material impactors are 
substantially irregularly shaped and are of a varying mass. 

Preferably a majority by weight of the introduced plurality of solid 

25 material impactors each have a diameter of at least 0.254 cm (0.100 inches). 

Conveniently the method further comprises the steps of: 

monitoring one or more cutting parameters; and 




selecting a diameter range of the plurality of solid material impactors as 
a function of at least one of the one or more monitored drilling parameters or a 
formation parameter. 

Advantageously the introduced plurality of solid material impactors are 
of a varying mean diameter. 

Preferably the at least one nozzle includes a plurality of nozzles and a 
majority by weight of the impactors are passing through one or more of the 
plurality of nozzles. 

Conveniently at least one of the at least one nozzles separates a first 
portion of the drilling fluid flowing through the impactor nozzle into a first 
drilling fluid stream having a first drilling fluid exit nozzle velocity, and a 
second portion of the drilling fluid flowing through the impactor nozzle into a 
second drilling fluid stream having a second drilling fluid exit nozzle velocity 
lower than the first drilling fluid exit nozzle velocity. 

Advantageously the method further comprises the step of: 

directing the plurality of solid material impactors into the first cutting 
fluid stream such that a velocity of the plurality of solid material impactors 
while exiting the drill bit is substantially greater than a velocity of the drilling 
fluid while passing through a nominal diameter flow path in the bit end of the 
drill string to accelerate the plurality of solid material impactors. 

Preferably the velocity of a majority by weight of the plurality of solid 
material impactors exiting the cutting bit is a least 60.96 m/s (200 feet per 
second). 
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Conveniently introducing the plurality of solid material impactors into 
the cutting fluid further comprises: 

monitoring one or more drilling parameters; and 
5 adjusting a rate of solid material impactor introduction into the cutting 

fluid in response to the monitored one or more drilling parameters. 

According to a further aspect of this invention there is provided a 
method of drilling a subterranean well through a subterranean formation using a 
10 drilling rig, a drill string, a fluid pump located substantially at the drilling rig 
and a drilling fluid, the drill string including an upper end located substantially 
near die drilling rig and a bit end including a drill bit supported thereon, the 
method comprising: 

providing the drill bit with at least one nozzle such that a velocity of the 
15 drilling fluid while exiting the drill bit is substantially greater than a velocity of 
the drilling fluid while passing through a nominal diameter flow path in the bit 
end of the drill string; 

providing a plurality of solid material impactors substantially adjacent 
the drilling rig; 

20 circulating the drilling fluid from the fluid pump into the upper end of 

the drill string, through the drill string and through the drill bit, the drilling fluid 
being pumped at at least one of a selected circulation rate and a selected pump 
pressure; 

introducing the plurality of solid material impactors into the drilling 
25 fluid to circulate the plurality of solid material impactors with the drilling fluid 
through the drill bit and engage the formation with both the drilling fluid and a 
majority by weight of the plurality of solid material impactors, a majority by 
weight of the plurality of solid material impactors having a mean diameter in 
excess of 0.254 cm (0. 1 00 inches); 




rotating the drill bit while engaging the formation to generate formation 
cuttings; and 

circulating at least some of the drilling fluid, the plurality of solid 
5 material impactors and the formation cuttings from the at least one nozzle. 

Preferably the method further comprises the step of: 
substantially separating each of the cuttings and die plurality of solid 
material impactors from the drilling fluid at the surface of the well to salvage 
10 the drilling fluid for recirculating the drilling fluid into at least one of the well 
and another well. 

Conveniently the method further comprises the step of: 
substantially separating the plurality of solid material impactors from the 
1 5 cuttings for discarding the cuttings and for salvaging at least a portion of the 
plurality of solid material impactors for recirculating the. at least a portion of the 
plurality of solid material impactors into the wellbore. 

In one embodiment the velocity of the plurality of solid material 
20. impactors exiting the drill bit causes a majority by weight of the plurality of 
solid material impactors to engage the formation and propagate a substantial 
portion by weight of the plurality Of solid material impactors engaging the 
formation into the formation a depth of at least one-third a diameter of a 
respective impactor, such that a tooth on the drill bit engages one of a portion 
25 of a respective propagated impactor and a portion of an impactor altered zone 
of the formation in the vicinity of the propagated impactor. 

In another embodiment the velocity of the drilling fluid and the plurality 
of solid material impactors exiting the drill bit causes a majority by weight of 
30 the plurality of solid material impactors to engage the formation and propagate 




a substantial portion of the plurality of solid material impactors engaging the 
formation into the formation a depth of at least the diameter of a respective 
5 impactor, thereby creating a propagation path in the formation and an impactor 
altered zone in the vicinity of the propagation path. 

Preferably the method further comprises the step of: 
engaging at least one of the propagation path and the structurally altered 
10 zone in the vicinity of the propagation path with a tooth on the drill bit to 
extract formation cuttings. 

Conveniently the method further comprises the steps of: 

providing an impactor introduction port upstream of a swivel quill 
15 located substantially near the upper end of the drill string; and 

introducing the plurality of solid material impactors comprises 
introducing the plurality of solid material impactors through the impactor 
introduction port into the drilling fluid. 

20 Advantageously the method further comprises the steps of. 

forming a dual-discharge nozzle within the drill bit for generating each 
of (1) a radially outer drilling fluid jet substantially encircling a jet axis, and (2) 
an axial drilling fluid jet substantially aligned with and coaxial with the jet axis, 

and 

25 the d ual discharge nozzle directing a majority by weight of the plurality 

of solid material impactors into the axial drilling fluid jet. 

In one embodiment the injected plurality of solid material impactors are 
substantially spherical and a majority by weight of the plurality of solid material 
30 impactors are of a substantially uniform mean diameter. 




In another embodiment the introduced plurality of solid material 
impactors are substantially crystalline. 

In a further embodiment the introduced plurality of solid material 
impactors are substantially rounded and majority by weight of the plurality of 
solid material impactors have a substantially non-uniform mean diameter. 

In one embodiment at least a majority by weight of the introduced 
plurality of solid material impactors have a mean diameter of at least 0.318 cm 
(0.125 inches) and as large as 0.846 cm (0.333 inches). 

In another embodiment at least a majority by weight of the introduced 
plurality of solid material impactors have a mean diameter of at least 0.381 cm 
(0.1 50 inches) and as large as 0.635 cm (0.250 inches). 

Preferably a majority by weight of the plurality of solid material 
impactors are substantially irregularly shaped. 

Conveniently at least a majority by weight of the introduced plurality of 
solid material impactors are of a non-unifonn shape having at least one length 
dimension of at least 0.254 cm (0.100 inches). 

Advantageously at least one of the at least one nozzles is an unpactor 
nozzle to accelerate the velocity of the plurality of solid material impactors 
through the one or more impactor nozzles as compared to the velocity of the 
plurality of solid material impactors through a nominal diameter flow path in a 
lower portion of die drill string. 




Preferably at least one of the at least one nozzles separates a first portion 
of the drilling fluid flowing through the impactor nozzle into a first drilling 
5 fluid stream having a first drilling fluid exit nozzle velocity, and a second 
portion of the drilling fluid flowing through the impactor nozzle into a second 
drilling fluid stream having a second drilling fluid exit nozzle velocity lower 
than the first drilling fluid exit nozzle velocity. 

10 Conveniently the method further comprises the steps of: 

direc ting the plurality of solid material impactors into the first cutting 
fluid stream such that a velocity of the plurality of solid material impactors 
while exiting -the drill bit is substantially greater than a velocity of the drilling 
fluid while passing through a nominal diameter flow path in the bit end of the 

1 5 drill string accelerate the plurality of solid material impactors. 

In one embodiment the velocity of a majority by weight of the plurality 
of solid material impactors immediately exiting the drill bit is at least 60.96 m/s 
(200 feet per second). 

20 

In another embodiment the velocity of a majority by weight of the 
plurality of solid material impactors immediately exiting the drill bit is at least 

60.96 m/s (200 feet per second) and as great as 365.8 m/s (1200 feet per 
second). 

25 

In a further embodiment the velocity of a majority by weight of the 
plurality of solid material impactors immediately exiting the drill bit is at least 

60.96 m/s (200 feet per second) and as great as 228.6 m/s (750 feet per second). 
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In a still further embodiment the velocity of a majority by weight of the 
plurality of solid material impactors immediately exiting the drill bit is at least 
106.7 m/s (350 feet per second) and as great as 152.4 m/s (500 feet per second). 
5 

Preferably introducing the plurality of solid material impactors into the 
drilling fluid further comprises: 

hydraulically isolating an auger type impactor introduction device from 
the circulating drilling fluid; 

10 filling the auger type impactor introduction device at a low pressure 

from a fill end with a plurality of solid material impactors; 

sealing the impactor introduction device to internally withstand at least 
the selectedpump pressure; 

hydraulically communicating a discharge end of the impactor 

1 5 introduction device with the drilling fluid at the selected pump pressure; and 

displacing solid material impactors from within the impactor 
introduction device into the drilling fluid by rotating an impactor auger within 
an impactor introducer housing. 

20 Conveniently introducing the plurality of solid material impactors into 

the drilling fluid further comprises: 

introducing at least 1000 solid material impactors per minute into the 
drilling fluid. 

25 Advantageously introducing the plurality of solid material impactors into 

the drilling fluid further comprises: 

adjusting the rate of introducing plurality of solid material impactors into 
the drilling fluid in response to the total number of times teeth on the bit will 
impact the formation per unit of time. 
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According to a further embodiment of this invention there is provided a 
method of cutting a subterranean formation using a drilling rig, a drill string, a 
5 fluid pump substantially at the drilling rig and a cutting fluid, the drill string 
including a feed end located substantially near the drilling rig and a bit end 
including a cutting bit supported thereon, the method comprising: 

providing the cutting bit to include at least one nozzle such that a 
velocity of the cutting fluid while exiting the cutting bit is substantially greater 
10 than a velocity of the cutting fluid while passing through a nominal diameter 

flow path in the bit end of the drill string; 

providing a plurality of solid material impactors substantially adjacent 

the drilling rig; 

circulating the cutting fluid from the fluid pump into the feed end of the 
15 drill string, through the drill string and through the cutting bit, the cutting fluid 
being pumped at at least one of a selected circulation rate and a selected pump 

pressure; 

introducing the plurality of solid material impactors into the cutting fluid 
to circulate the plurality of solid material impactors with the cutting fluid 
20 through the cutting bit and engage the formation with both the cutting fluid and 
a substantial portion by weight of the plurality of solid material impactors to 
create a structurally altered zone in the formation having a structurally altered 
zone height in a direction perpendicular to a plane of impaction at least two 
times a mean particle diameter of particles in the formation impacted by the 

25 plurality of solid material impactors; 

rotating the cutting bit while engaging the formation to generate 

formation cuttings; and 

circulating at least some of the cutting fluid, the plurality of solid 
material impactors and the formation cuttings away from the at least one 

30 nozzle. 




Preferably a majority by weight of the plurality of solid material 
impactors have an impactor diameter of at least 0.254 cm (0.100 inches). 

5 , 

In one embodiment the structurally altered zone includes a fracture in the 
formation having a fracture height at least two times a mean particle diameter 
of particles in the impacted formation. 

10 In another embodiment introducing the plurality of solid material 

impactors into the cutting fluid creates at least one fracture in the formation 
having a fracture height at least eight times a mean particle diameter of 
particles in the impacted formation. 

15 In a further embodiment introducing the plurality of solid material 

impactors into the cutting fluid creates at least one fracture in the formation 
having a fracture height at least two times a mean diameter of a majority by 
weight of the plurality of solid material impactors impacting the formation. 

20 Preferably the structurally altered zone includes a compressive spike in 

the formation having a spike length at least two times a mean particle diameter 
of particles in the formation. 

Conveniently the plurality of solid material impactors are introduced into 

25 the cutting fluid after the cutting fluid has been circulated through the fluid 
pump. 



Advantageously the method further comprises steps of: 
selecting at least one of the selected circulation rate and the selected pump 
30 pressure such that the momentum of at least five percent by weight of the 




plurality of solid material impactors at a point of impact with the formation 
creates a plurality of fractures in the formation each having a fracture length at 
5 least two times a mean particle diameter of particles in the impacted formation. 

In one embodiment introducing the plurality of solid material impactors 
into the cutting fluid creates a structurally altered zone in the formation having 
a structurally altered zone height in a direction perpendicular to a plane of 
10 impaction at least four times a mean particle diameter of particles in the 
impacted formation. 

In another embodiment introducing the plurality of solid material 
impactors into the cutting fluid creates a structurally altered zone in the 
1 5 formation having a structurally altered zone height in a direction perpendicular 

to a plane of impaction at least eight times a mean particle diameter of particles 
in the impacted formation. 

In a further embodiment introducing the plurality of solid material 
20 impactors into the cutting fluid creates a structurally altered zone m the 
formation having a structurally altered zone height in a direction perpendicular 
to a plane of impaction at least two times a mean diameter of a majority by 
weight of the plurality of solid material impactors impacting the impacted 

formation. 

25 

Preferably the method further comprises the step of: 

adjusting the rate of introducing the plurality of solid material impactors 

into the cutting fluid. 




Conveniently introducing the plurality of solid material impactors into 
the cutting fluid causes a majority by weight of the introduced impactors to 
engage the formation and cause a substantial portion of the majority by weight 
5 of the impactors engaging the formation to alter one or more structural rock 
properties of the formation in the vicinity of a respective point of impact 

Preferably altering one or more structural rock properties includes 
altering the density of at least a portion of the formation in the vicinity of a 
10 respective point of impact 

Conveniently altering one or more structural rock properties includes 
creating a fracture in the formation in the vicinity of a respective point of 
impact 
15 

Advantageously altering one or more structural rock properties includes 
creating a micro- fractured zone in the vicinity of a respective point of impact 

Advantageously introducing the plurality of solid material impactors into 
20 the cutting fluid causes a first impactor to engage the formation, and 
subsequently causes at least one additional impactor to engage the first 
impactor thereby causing at least ooe of the first impactor and the at least one 
additional impactor to alter the structural rock properties in the vicinity of at 
least one of the first impactor and the at least one additional impactor. 

25 

Preferably rotating the cutting bit causes at least one tooth on the cutting 
bit to engage at least one solid material impactor causing the at least one solid 
material impactor to alter the structural rock properties of the formation. 
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According to a still further aspect of this invention there is provided a 
system for cutting a subterranean formation using a drilling rig, a drilling fluid 
pumped into a well bore by a fluid pump located at the drilling rig, a drill string 
5 including a feed end located substantially near the drilling rig, a bit end for 
supporting a drill bit, and including at least one through bore to conduct the 
drilling fluid between the drilling rig and the drill bit, the drill bit including at 
least one nozzle at least partially housed in the drill bit such that a velocity of 
the drilling fluid while exiting the drill bit is substantially greater than a 
10 velocity of the drilling fluid while passing through a nominal diameter of the 
through bore in the bit end of the drill string, the system comprising: 
an impactor introducer to introduce a plurality of solid material impactors into 
the drilling. fluid before circulating the plurality of impactors and the drilling 
fluid to the drill bit; the plurality of solid material impactors passing with the 
15 drilling fluid through the at least one nozzle in the drill bit such that the velocity 
of the impactors while exiting the at least one nozzle is substantially greater 
than a velocity of the drilling fluid while passing through the nominal diameter . 
• of the through bore in the bit end of the drill string, such that the plurality of 
impactors impact the formation substantially near the drill bit and at least some 
20 of the plurality of impactors are circulated substantially back to the drilling rig 
with the drilling fluid, and wherein a majority by weight of the plurality of solid 
material im pactors have an impactor diameter in excess of 0.254 cm (0.100 
inches). 

25 Preferably the system further comprises: 

an impactor introducer conduit ,for conducting the plurality of solid 
material impactors from the impactor introducer substantially to the feed Kid of 
the drill string. 




Conveniently the system further comprises: 

a fluid conduit for conducting the drilling fluid from the drilling fluid 
pump substantially to the feed end of the drill string, the fluid conduit having an 
5 introduction port for introducing the plurality of solid impactors from the 
impactor introducer into the drilling fluid. . . 

Advantageously the system further comprises: 

a gooseneck having a through bore for conducting drilling fluid from the 
10 fluid conduit to a drilling swivel, and the gooseneck including the introduction 
port in the 
gooseneck; and 

a drilling swivel including a through bore for conducting drilling fluid 
therein, substantially supported on the feed end of the drill string for conducting 
1 5 drilling fluid from the goose neck into the feed end of the drill string. 

Preferably the system further comprises: 
a drilling fluid separator located at the surface to substantially separate at least 
one of the cut ting s and the plurality of solid material impactors from the drilling 
20 fluid at the surface of the well to salvage the drilling fluid for recirculating the 
drilling fluid into one of the well and another well. 

Conveniently the system further comprises: 

an impactor separator located at the surface to substantially separate the 
25 plurality of solid material impactors from the cuttings. 

Advantageously the plurality of solid material impactors are 
substantially spherical. 




In one embodiment a majority by weight of the plurality of solid material 
impactors have a diameter of at least0.318 cm (0.125 inches) and as great as 
0.846 cm (0.333 inches). 

5 

In another embodiment a majority by weight of the plurality of solid 
material impactors have a diameter of at least 0.381 cm (0.150 inches) and as 
great as 0.635 cm (0.250 inches). 

10 In one embodiment a majority by weight of the plurality of solid material 

impactors have a velocity of at least 60.96 m/s (200 feet per second) at 
engagement with the formation. 

In another embodiment a majority by weight of the plurality of solid 
15 material impactors have a velocity of at leaist 60.96 m/s (200 feet per second) 
and as large as 365.8 m/s (1200 feet per second) at engagement with the 

formation. 

In a further embodiment a majority by weight of the plurality of solid 
20 material impactors have a velocity of at least 60.96 m/s (200 feet pa - second) 
and as large as 228.6 m/s (750 feet per second) at engagement with the 

formation. 

In a still further embodiment a majority by weight of the plurality of 
25 solid material impactors have a velocity of at least 106.7 m/s (350 feet per 
second) and as large as 152.4 m/s (500 feet per second) at engagement with the 



formation. 
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Preferably the solid material impactors are substantially metallic. 

5 Conveniently the at least one nozzle in the drill bit comprises a dual jet 

nozzle for separating a first portion of the drilling fluid flowing through the 
dual jet nozzle into a first drilling fluid stream having a first drilling fluid exit 
nozzle velocity, and - a second portion of the drilling fluid flowing through the 
dual jet nozzle into a second drilling fluid stream having a second drilling fluid 
10 exit nozzle velocity lower than the first drilling fluid exit nozzle velocity. 

Advantageously the at least one dual jet nozzle includes an impactor 
director portion for directing the plurality of solid material impactors into the 
first drilling fluid stream to increase the velocity of the plurality of solid 
15 material impactors while exiting the at least one dual jet nozzle as compared to 
the velocity of the plurality of solid material impactors while passing through a 
nominal diameter flow path in a bit end of the drill string. 

Preferably the system further comprises: 

20 an impactor source vessel for holding at least some of the plurality of 

solid material impactors before introducing, the plurality of solid material 
impactors into the impactor introducer. 

Conveniently the system further comprises: 

25 an impactor grader for sorting the plurality of solid material impactors 

prior to the plurality of solid material impactors being circulated from the well. 




Advantageously the system further comprises: 

a pump to pressurize drilling fluid carrying the plurality of solid material 
impactors to a pressure greater than the selected pump pressure to introduce the 
plurality of solid material impactors into the drilling fluid through an impactor 
injection port in a drilling fluid line, the impactor injection port located between 
the fluid pump and the feed end of die drill string. 

Preferably the system further comprises: 

an impactor injector including an auger for introducing the plurality of 
solid material impactors into the drilling fluid between the fluid pump and the 
upper end of the drill string. 

In order that the invention may be more readily understood, and so that 
further features thereof may be appreciated, the invention will now be 
described, by way of example, with reference to the accompanying drawings in 



which: 




BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is an isometric view of a drilling system as used in a preferred embodiment 

5 Fig. 2 illustrates an impactor impacted with the formation, creating a cavity, a 

structurally altered compressive “spike” ahead of- the impactor and a structurally altered 
zone in the formation in the vicinity of the impact 

Fig. 3 illustrates an impactor embedded into the formation at an angle toanormalized 
10 surface plane of the target formation, which is embedded to a depth of approximately twice ' 

the diameter of the impactor, further illustrating material ejected near the fo rmati on surface 
as a result of the impact, a structurally altered zone and a compressive spike ahead of the 
- impactor. 

15 Fig. 4 illustrates an impactor impacting a friable or fracturable formation with a 

plurality of fractures induced by the impact, and a structurally altered zone in the vicinity of 
the impacted formation. 

Fig. 5 A illustrates an impactor propagated into the fo rmati on thereby creating a 
20 partial excavation near die surface and an altered zone in the vicinity of the impactor, and 
further illustrates a drill bit tooth positioned substantially above the impactor. 

Fig. 5B illustrates the view illustrated in 5 A at later point in time wherein the bit 
tooth has engaged the impactor, thereby skewing the impactor down and to the left, further 
25 altering die structurally altered zone. Further illustrated is the excision of a significant sized 
cutting by the laterally directed resultant forces from the forces imposed upon the impactor 
by the tooth skewing the impactor. 




DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Methods and systems are disclosed for cutting a subterranean formation 52 with a 
drill bit 60. Fig. 1 illustrates a suitable embodiment for a drilling system including solid 
impactois 100 to engage the subterranean formation 52 in cooperation with a drill bit 60 to 
5 cut the formation 52. The rate of penetration of a drill bit 60 through a formation may be 
substantially increased with the methods and systems of this invention. In considering the 
mechanics of this invention and the surprisingly improved rates of penetration obtained in 
. experimentation, several theories are advanced herein to explain a portion of foe improved 
rates. This invention may afford combined or separate benefits from each of two 
10 fundamental engineering sciences to achieve the improved penetration rates: (1) Impact 
mechanics affording a dynamic contribution, and (2) force concentration and leveraging 
mechanics affording a substantially static contribution. 

A broad theme of this invention may be summarized as creating a mass-velocity 
relationship in a plurality of solid material impactors 100 transported in a fluid system, such 
15 that a substantial portion by weight of foe impactors 100 may each have sufficient energy to 

structurally alter a targeted formation 52 in a vicinity of a point of impact Preferably, foe 
structurally altered zone 124 may be altered to a depfo 132 of at least two times foe mean 
diameter of the particles 150inthe formation 52. The mean diameter of particles 1 50 in the 
formation 52 may be determinedby established standards for grading and sizing formation 
20 particles 150. For example sizing and grading may be determined by United States 
Geological Service tiring and sieve grading. A substantial portion means at least fivepercent 
by weight of foe plurality of solid material impactors, and more particularly at least twenty- 
five percent by weight of the plurality of solid material impactors introduced mto the drilling 
fluid. Evenmore particularly, substantial portion means alleast a majority by weight of the 
25 plurality of solid material impactois introduced into foe drilling fluid. 

A formation particle 150 may be defined as the most basic granular or crystalline 
structure foai'comprises aportion of foe formation matrix. For simplification purposes. Fig. 
2 illustrates a plurality of formation particles 150 arranged very simply in layers and foe 




particles 150 being rather weD sorted and neatly arranged. Figs. 2 through 5B also illustrate 
formation surface 66, which may also be referred to as a plane of impaction 66, as relatively 
smooth, planar surface. It will be understood by those skilled in the art that many different 
particle 150 sizes, sorting distributions, packing arrangements and layering may be 
5 encountered in formations 52. It will also be understood that in most circumstances, the 
plane of impaction 66 may rarely be perfectly planar, but rather at a granular level may be 
composed of various undulations, discontinuities and/or. irregularities. However, it is 
understood that a substantial portion by weight of the impactors of this invention may effect 
structural alterations in foe formation 52 as claimed and described in this specification and 
10 claims It is also understood that mechanical impaction of a relatively large impactor 100, 
such as may be several times foe diameter of a formation particle diameter, may effect a 
greater magnitude of structural alteration in foe formation than may have been effected on 
a perfectly smooth, planar surface. Such effectiveness is a portion of foe essence of foe 
performance of this invention. 

15 . A plurality of solid material impactors 1 00 may be c ommingl ed with a dri llin g fluid 

and pumped through anozzle 64 in adrill bit 60 to cause foe impactors 100 to engage a plane 
of surface 66 of a formation 52. Each of foe individual impactors 100 are structurally 
independent from the other impactors. For brevity, the plurality of solid material impactors 
inflmayhp. inter changeab ly referred to as simply the impactors 100. A substantial portion 
20 by weight of the impactors 100 may engage the formation 52 with sufficient energy to effect 

direct removal and cutting of a portion of the formation and/or to sufficiently alter a portion 
of the structural properties of the formation that the formation may be more easily cut by foe 



drill bit60. 

In a preferred embodiment of a formation cutting system according to this invention, 
25 solid material impactors 100 may be substantially spherically shaped, non-hollow, formed 
of rigid metallic material , and having high compressive strength and crush resistance, such 
as steel shot, ce rami cs, depleted uranium, and multiple component materials . The impactors 
100 are solid material impactors as opposed to fluid material impactors. Although in a 




preferred embodiment the solid material impactors are substantially a non- 
hollow sphere, alternative embodiments may provide for solid material 
5 impactors, which may include a impactors with a hollow interior. 

A majority by weight of the impactors applicable to this invention are 
dimensionally larger and of a relatively greater mass than particles used under 
prior art technology, such as abrasive jetting. Tbe impactors 100 may be 
10 selectively introduced into a drilling fluid circulation system, such as illustrated 
in Fig. 1, near a drilling rig 5, circulated with the drilling fluid (“drilling mud") 
to the drill bit 60 positioned in a well bore 70, and accelerated through at least 

• one nozzle in the drill bit 60. 

15 The at least one nozzle in the drill bit 60 may include a plurality of 

nozzles and a majority by weight of the impactors 100 pass through one or 

more of the plurality of nozzles. 

Referring to Figs. 1 through 5B, a substantial portion by weight of the 
20 impactors 100 may engage the formation 52 with sufficient energy to enhance 
creation of a well bore 70 through the formation 52 by any or a combination of 
different mechanisms. In a first mechanism, an impactor 100 may directly 
remove a larger portion of the fotmation 52 than may be removed by abrasive 
type particles. In another mechanism, an impactor 100 may penetrate into the 
25 formation 52 without removing formation material from the fotmation 52. A 
plurality of such formation penetrations, such as near and along an outer 
perimeter of the well bore 70 may relieve a portion of the stresses on a portion 
of fotmation being cut or drilled, which may thereby enhance a drilling or 

cutting action of the bit 60. 




In yet another mechanism, an impactor 100 may alter one or more 
physical properties of the formation 52 ahead of the bit 60. Such physical 
5 alterations may include creation of micro-fractures and increased. brittleness or 
density in a portion of the formation 52, which may thereby enhance 
effectiveness the bit 60 in drilling or cutting the formation. 

• An additional mechanism that may enhance drill bit 

10 effectiveness may include engaging a single impactor or a "stack of 

impactors with a drill bit tooth 108 to leverage, wedge, pry or otherwise 

cause one or more of the impactors to re-orient a portion of the weight-on-bit 
(WOB) force. The re-oriented force may be imposed upon the formation 52 
in one or more directions of lower resisting stress, such as 

15 laterally or substantially transverse to a borehole axis 75 near the bit 60. 

Thereby a portion of formation 52 may be removed directly by the 

WOB force, or alter one or more formation characteristics to facilitate 




subsequent removal hydraulically and/or by die drill bit 60. These and other mechanisms 
are discussed below, in more detail. 

Fig. 1 illustrates an embodiment of a portion of a drilling rig 5 according to the 
presort invention, particularly illustrating a drilling fluid circulation system, including a drill 
5 bit 60 and drill string 55. A well bore 70 is illustrated, cut or drilled through a subterranean 
formation 52 with a drill bit 60 at die bottom of die well bore 70. The drill bit 60 may be 
attached to a drill string 55 comprised of drill collars 58, drill pipe 56, and kelly 50. An 
upper end of the kelly may interconnected with a lower end of a swivel quill 26. An upper 
end of die swivel quill may be rotatably interconnected with a swivel 28. The swivel 28 may 
10 ' include a top drive assembly (not shown) to rotate the drill string 55. The drill bit 60 may 
engage a bottom surface 66 of the well bore 70. The swivel 28, the swivel quill 26, the kelly 
50, the drill string 55 and aportion of the drill bit 60 each may include an interior passage 
that allows d rilling mud to circulate through each of die aforementioned components. 
Drilling fluid may be withdrawn from a mud tank 6, pumped by a mud pump 2, through a 
15 through medium pressure capacity line 8, through a medium pressure capacity flexible hose 

42, through a gooseneck 36, through the swivel 28, through the swivel quid 26, through the 
kelly 50 located on top of a drill string, and through the drill string 55 and through the bit 60. 

The solid material impactors 100 may be introduced, such as by being pumped or 
displaced, into die drilling fluid at a convenient location near the drilling rig 5, such as 
20 through an injector port 30 in &e goose neck 36. Impactors 100 may be provided in an 
impactor storage tank 94. A screw elevator 14 may transfer aportion of die impactors at a 
selected rate from the storage tank 94, into a shnrification tank 98. A pump 10, preferably 
such as a progressive cavity pump may transfer a selected portion of the drilling fluid from 
a mud tank 6, into the slrarification tank 98 to be mixed with the impactors 1 00 in the tank 
25 98 to form an impactor concentrated slurry. The impactor concentrated slurry may be 

pumped at a selected rate and pressure with a pump 96 capable of pumping the impactor 
concentrated slurry, such as a progressive cavity pump, through a slurry line 88, through a 
slurry hose 38, through an impactor slurry injector head 34 and through an injector port 30 
located on the gooseneck 36. 




"When introducing impactors 100 into the drilling Quid, the rate of drilling fluid 
pumped by the mud pump 2 may be reduced to a rate lower than the mud pump 2 is capable 
of efficiently pumping. In such event, a lower volume mud pump 4 may pump the drilling 
fluid fhm righ a mfvtiirm pressure capacity line 24auU through die medium pressure capacity 
5 flexible hose 40. 

Pump 4 may also serve as a s up ply pump to drive die introduction of impactors 100 
entrained within an impactnr slurry, into die high pressure drilling fluid stream pumped by 
mud pumps 2 and 4. Pump 4 may pump a percentage of die total rate drilling fluid being 
pump by both pumps 2 and 4, such that the fluid pumped by pump 4 may create a venturi 
10 effect and/or vortex within the injector head 34 by which to induct the impactor slurry being 

conducted through line 42, through the injector head 34, and then into the high pressure 
drilling fluid stream. 

From the swivel 28, the slurry of drilling fluid and impactors (“slurry”) may circulate 
through die interior passage in the drill string 55 and through the drill bit 60. At the drill bit 
15 60, the slurry may circulate through at least one bit nozzle 64 in the drill bit 60. The bit 

nozzles 64 may include a reduced inner diameter as compared to an inner diameter of the 
interior passagemthe drill string 55 immediately above thus drill bit 60. Thereby, the nozzles 
64 may accelerate the velocity of the slurry as the slurry passes through the nozzles 64. The 
nozzles 64 may also direct the slurry into engagement with a selected portion of the bottom 
20 surface 66 of well bore 70. 

The bit 60 may be rotated relative to die formation 52 and engaged therewith by an 
axial force (WOB) acting at least partially along the well bore axis 75 near the drill bit 60. 
The bit 60 may include a plurality of bit cones 62, which also may rotate relative to the bit 
60 to cause bit teeth 108 secured to arespective cone to engage the formation 52, which may 
25 generate formation cuttings substantially by crushing, cutting or pulverizing a portion of die 

formation 52. The bit teeth 108 may also be comprised of fixed cutter teeth which may be 
substantially co ntinu ously engaged with the formation 52 and create cuttings primarily by 




shearing and / nr axial force concentration to firil the formation, or create cuttings from the 
formation 52. 

As the slurry is pumped through the nozzles 64, a substantial portion by weight of 
the impactors 100 may engage the f ormati on with sufficient energy to enhanc e die rate of 
5 formati on removal or penetration (ROP) by the drill bit 60, such as through one of the 
m pohanigmc dis cussed previously. The formation removed by the drill bit, the drilling fluid 
and/or the impactors maybe circulated from within the well bore 70 near the drill bit 60, and 
earned suspended in the drilling fluid with at least a portion of the impactors, through a well 
bore annu lus between the OD of the drill string and the ID of the well bore 70. At the rig 5, 
10 the re turning slurry of drilling fluid, formation fluids (if any), cuttings and impactors 100 

may be diverted at a drilling nipple 76, which may be positioned on a BOP stack 74. The 
■ returning slurry may flow from the drilling nipple 76, into a return, flow mud line 15, which 
may be comprised of tubes 48, 45, 16, 12 and flanges 46, 47. In apreferred embod im e nt , the 
mnd ret rtm lin ft 1 may include an imp actor reclamation tube assembly 44, as fllusQated in • 
15 Fig 1, which may pre liminar ily separate amajority of the retu rn i n g impactors 100 from the 

remaining components of the returning slurry. Dr illing fluid and other components e nt rai ned 
within the drilling fluid may be directed across a shale shaker (not shown) or into a mud tank 
6, whereby the drilling fluid may be further processed for re-circulation into a well bore. 

The rec lamati on tube assembly 44 may operate by rotating tube 45 relative to tube 
20 16. An electric motor assembly 22 may rotate tube 44. The reclamation tube assembly 44 

comprises an enlarged tubular 45 section to reduce the return flow slurry velocity and allow 
the slurry to drop below a terminal velocity of the impactors, such that the impactors 100 can 
no longer be suspended in the drilling fluid and may gravitate to a bottom portion of the tube 
45. This separation function may be enhanced by placement of magnets near and along a 
25 lower side of the tube 45. The impactors 100 and some ofthe larger or heavier cuttings may 
be discharged through discharge port 20. The separated and discharged impactors 1 00 and 
solids discharged through discharge port 20 may be gravitationally diverted mto a vibrating 
classifier 84 or may be pumped into the classifier 84. A pump (not shown) capable of 




handling impactors and solids, such as a progressive cavity pump may be situated in 
communication with the flow line discharge port 20 to conduct die separated impactors 
selectively into the vibrating separator 84 or elsewhere in the drilling fluid circulation 
system. 

5 The reclamatio n tube assembly 44 may separate a portion of the returned impactors 

100, a portion of other solid materials such as formation cuttings, and a portion of the drilling 
fluid, each of which may be directed into the top of a vibrating classifier 84. The vibrating 
classifier 84 maybe a type such as commonly used in the mining industry whereby vibrating 
screens may classify the impactors and solid material into various grades according to 
10 coarseness or size. A selected portion of&e classified materials may be retained for re-use 
such as impactors 100 in a select size range. 

In a preferred embodiment, the vibrating classifier 84 may comprise a three screen 
section classifier of which screen section 1 8 may remove the coarsest grade material. The 
removed coarsest grade material may be selectively directed by outlet 78 to one of storage 

15 bin 82 or pumped back into the flow line 15 downstream of discharge port 20. A second 

screen section 92 may remove a re-usable grade of impactors 100, which in turn may be 
directed by outlet 90 to the impactor storage tank 94. A third screen section 8 6 may remove 
the finest grade material from the drilling fluid. The removed finest grade material may be 
selectively directed by outlet 80 to storage bin 82, or pumped back into the flow line 1 5 at 
20 a point downstream of discharge pat 20. Drilling fluid collected in a lower portion of foe 

classified 84 may be returned to a mud tank 6 for re-nse. 

A majority by weight of the plurality of solid material impactors 100 for use in this 

invention are preferably at least ).100 inches m mean diameter. More preferably, amajority 
by weight of the impactors lOOmaybeatleast ).125 inches^ h diameter and may be as large 
25 as 0.333 inches n mean diameter. Even more prefeably, a majority by weight of the 
impactors 100 may be at least 0.150 inches in mean diameter and may be as large as J.250 
inches in mean diameter. 

A majority by weight of the impactors 100 preferably may be accelerated to a 
velocity of at least. fz00 feet per second at substantially the point of impact with the 




formation 52. More preferably the impactors amajoritybyweight of the impactors 100 may 
be accelerated to a velocity of at least 200 feet per second and as great as 1200 feet per 
second, at substantially at the point of impact Even more preferably, a majority by weight 
of the impactors 100 may be accelerated to a velocity of at least 350 feet per second and as 
5 great as 750 feet per second, substantially at the point of impact Still even more 'preferably, 
a t™ 3 ]' ority by weight of the impactors 100 may be accelerated to a velocity of at least 350 
feet per second and as great as 500 feet per second, substantially at the point of impact It 
may be appreciated by those skilled in the art that due to the close proximity of abit nozzle 
60 to the formatio n being impacted, such as in a bit providing extended nozzles or extended 
10 nozzle skirts, the velocity of a majorityof impactors 100 exiting the bit nozzle 60 may be 

substantially the same as a velocity of an impactor 100 at a point of impact with the 
formation 52. Thus, in many practical applications, the above velocity values may be 
determined or measured at substantially any point along the path between near an exit aid 
of a bit nozHt 60 and the point of impact, without material deviation from the scope of this 
15 invention. Likewise, those skilled in die art will also appreciate that losses in velocity of 
fluid moving between the bit nozzle and fee formation may be exponential, due at least in 
part to fluid expansion and diffusion. Velocity losses in an impactor' will also occur, 
however, because an impactor 100 does not substantially deform, velocity losses in the 
impactor 100 may not be as significant as losses in floe fluid. Thereby, where the standoff 
20 distance between the formation and the bit nozzle is significant, the velocity of an impactor 

100 should be defined as the velocity of fee impactor 100 at or near the formation, 
immediately prior to impact wife fee formation 52. 

The impactors 100 are preferably, substantially spherically shaped, rigid, solid 
m&tnM, non-hollow, metallic impactors, such as steel shot The impactors may be 
25 substantially rigid and may possess relatively high compressive strength and resistance to 
crushing or deformation as compared to physical properties or rock properties of a particular 
formation or group of formations being penetrated by the well bore 70. 




Impactors 100 may be selected based upon physical factors such as size, projected 
velocity, imp actor strength, formation 52 properties and desired unpactor concentration in 
the drilling fluid. Such factors may also include; (a) an expenditure of a selected range of 
hydraulic horsepower across the one or more bit nozzles, (b) a selected range of dri llin g fluid 
5 velocities exiting the one or more bit nozzles or impacting the formation, and (c) a selected 

range of solid material impactor velocities exiting the one or more bit nozzles or impacting 
die formation, (d) one or more rock properties of the formation being drilled, or (e), any 
combination thereof 

Fig. 2 illustrates an impactor that has been impaled into a formation 52, such as a 
10 lower surface 66 in a well bore 70. For illustration purposes, the surface 66 is illustrated as 
substantially planar and transverse to the direction of impactor travel 130. A substantial 
portion by weight of the impactors 100 circulated through a nozzle 60 may engage the 
fo rmatio n wffo sufficient energy to effect one or more rock properties of the formation. The 
formation may be altered or effected to. an altered zone depth 132, measured normal to a 
15 plane of impar ting 66 of at least two times foe mean diameter of particles 150 of the 
formation 52, in the immediate vicinity of die point of impact. Reference number 152 and 
the associated bracket illustrates generally, a depth normal to the plane of impaction 66 that 
is two time s the mean diameter of particles 1 50 in die fo rma t i on 52. 

According to some theories, a portion of the formation ahead of the impactor 1 00 
20 substantially in die direction of impactor travel 130 may be altered such as by increased 
density, micro-fracturing and/or thermal alteration due to the impact energy, which may 
result in a compressive spike 102. The compressive spike may have a spike length 134. Iu 
such occurrence, the altered zone 124 may include an altered zone depth 132. The density 
of the spike 102 maybe increased to substantially die density of the impactor 100 and may 
25 be at least four times die diameter of the impactor 100 in spike length 134. 

An additional area near a point of impaction may be altered, such as by die creation 
of micro-fractures 106 , andmaybe referred to as an altered zone 124. The altered zone 124 
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may be broken or other wise altered due to the impactor and/or a drill bit 60, such as by 
crushing, fracturing or imcro-fracturing 106. Due at least partially to one or more altered 
formation properties, subsequent interaction between the compressive spike 1 02 and an 
additional impactor and/or a tooth 108 on a drill bit, the compressive spike 102 may act as 
5 a wedge which may be driven further into the formation 52 ahead of the drill bit 60* 

In circumstances wherein an impactor 100 may be postured as shown in Fig. 2, 
wherein at least a portion of the impactor may be positioned above a formation plane of 
impaction 66, a tooth 108 and/or cone 62 on a bit 60 may subsequently engage the impactor 
100, as illustrated in Figs. 5A and SB. Such engagement may enhance formation cutting 
10 and/or bit performance by permitting a substantial portion of the WOB to be focused in the 

impactor and in foe engaged formation. 

Fig. 2 also illustrates an impactor implanted into a formation 52 and having created 
a crater 120 wherein material h a* been ejected from or crashed beneath the impactor. 
Thereby a void or crater may be created, which as illustrated in F ig. 3 may generally conform 
15 to the shape of the impactor 100. Figs. 3 through SB illustrate craters 120 or voids 120 
where the size of the crater may be larger than the size of the impactor 100. In Fig. 2, the 
impactor 1CM) is shown as impacted into the formation 52 yielding a crater depth 109 of a 
slightly less tha n one-half the diameter of the engaged impactor 100. 

Fig. 3 illustrates an incident of interaction between an impactor 100 and a formation 
20 52, wherein the impactor 100 engaged the formation 52 at an angle other than normal to a 

formation surface plane 66. The impactor 100 may penetrate into the for ma t i on 52 to a 
penetration depth 132 of several times a mean grain diameter 1 50. A compressive spike or 
zone 102 may be created ahead of the impactor in the direction of impactor travel 130, and 
an altered zone 124 may be created near a point of impaction. An excavated portion 120 
25 ma y be created by the impact of the impactor 100 with the formation 52, which may result 

in the generation of c uttin gs or pulverized particulate material ejected and/or hydraulically 
removed from the formation 52. 




An additional theory for impaction mechanics in cutting a formation may postulate 
that a compressive spike may not be created in certain fo rmati ons. Certain for mati ons 52 
may be highly fractured or broken up by impactor energy. Fig. 4 illustrates an interaction 
between an impactor 100 and a formation 52. A plurality of fractures 116 and micro- 
5 fractures 106 may be created in the formation 52 by impact energy. Formation properties 
may be altered to an altered zone depth 132, whichmay be several times the mean diameter 
of the respective impactor 100. 

Fig, 5A may be illustrative of an incidence of impaction wherein a portion of 
formation 120 has been removed by the impaction energy. A formation altered zone 124 
10 may be created in the vicinity of the point of unpaction. An axial position of the impactor 

may be represented by center line 111. An axial position of a bit tooth 108 may be 
represented by center line 112. The bit tooth may substantially be moving toward die 
formation surface plane 66 along centerline 112. 

Fig. 5B may illustrate the incident illustrated in 5 A, at a later point in time, wherein 
15 the bit tooth 108 has engaged the impactorlOO. Such engagement may result in the impactor 

being further displaced within the formation 52. For example, as illustrated in Fig. 5B, the 
bit tooth may cause the impactor 1 00 to be displaced downward and to the left, as viewed in 
Fig. 5B. The distance between centerline 1 1 1 and centerline 112 is great® in Fig. 5B, than 
the distance between the centerlines at an earlier period in time, as illustrated in Fig. 5 A, 
20 illustrating lateral displacement of the impactor 100. 

Displacement of the impactor 100 from the engagement with the bit tooth 108 may 
serve to direct a portion of engagement forces, including a portion of each of WOB and 
rotational forces, laterally into the adjacent formation, hi addition, the impactor may be 
dragged, pushed, or otherwise displaced laterally substantially ahead of the bit tooth. A 
25 displaced portion of formation 114 may be removed due to the combined actions of the bit 

tooth 108 and the engaged impactor 100. The engaged impactor 100 may be skewed 
laterally and/or downward by force in the bit tooth 108, which may also enlarge the altered 
zone 124. Excavated formation may include void space 120 phis cross-hatched area 1 14. 







An engaged impactor 100 may be substantially an extension of the bit 60 and may 
further be substantially an extension of the bit 60 which is advantageously positioned from 
at least partially below a planar surfcce 66 of the formation 52 being cut Under certain 
angles or incidences of contact, the force applied to a particular impactor 100 may be a 
5 substantial portion of the available WOB and/or available torque at the bit 60. 

"Wherein multiple impactors 100 may be entrained in a formation 52, the mechanical 
bit tooth-to-impactor and impactor-to-impactor interactions may multiply the effects 
demonstrated above with a single impactor 100. A plurality of impactors 100 may be 
• engag ed simultane ously by one or more bit teeth 108. 

10 The effected formation structural alterations also may enhance expenditure of 

hydraulic energy at the formation face 66 to hydraulically remove pieces of the fonnation 
52 as cuttings. Impact energy from a respective impactor 100 upon the formation 52 may 
mechanically create a plurality of micro-fractures 106 or other fonnation structural 
alterations in or near the impacted area. Thereby, the effected formation 52 may be more 
15 readily exploited-by simultaneous hydraulic energy coincident with impactor 100 dynamics. 

Such enhanced hydraulic action and mechanical alterations to the fonnation 52 may reduce 
the work required by bit teeth 108 to both create and remove the fonnation cuttings, thereby 
extending bit life while increasing the rate of penetration. 

Referring to Figs. 1 through 5B, this invention includes a method of cutting a 
20 subterranean formation 52 using a drilling rig 5, a drill string 55, a fluid pump 2 and/or 4, 
located substantially at the drilling rig 5, a cutting fluid and plurality of solid material 
impactors 100. The drill string 55 may include a feed end 210 located substantially near the 
drilling rig 5 and a nozzle end 215 including a nozzle 64 supported thereon, hi an 
embodiment including a cutting bit 60 interconnected with the drill string, the nozzle end 2 1 5 
25 may be a bit end 215 and may include a cutting bit 60 supported thereon. A preferred 
embodiment may include a drill bit 60 supported on the bit end 215 of the drill string 55, and 

the drill bit 60 may include at least one nozzle 64 therein. 

Although a preferred application of the method may be to drill a well bore 70, the 




method is not incited to drilling swell bore 70. The me&odmay be applicable to excavating 
a frmnftij a pipe chase, a mining operation, or other excavation operation wherein earthen 
material or formation may be cut or drilled for removal. The cutting bit 60 may be a roller 
cone bit, a fixed cutter bit, an impact bit, a grade bit, a mill, a mining type rode bit, or other 
5 implement for cutting rock or earthen formation. 

The method may comprise providing file .cutting bit 60 with at least one nozzle 64 
such that a velocity of file cutting fluid while exiting the cutting bit 60 is substantially greater 
than a velocity of the entting fluid while passing through a nominal diameter flow path in file 
bit end 215 of the drill string 55, such as through drill collars 58. 

10 The cutting fluid may be circulated from the fluid pump 2 and/or 4, such as a positive 

displacement type mud pump, through one or more drilling fluid conduits 8, 24, 40, 42, into 
the feed end 210 ofthe drill string 55. The cutting fluid may also be circulated through the 
drill string 55 and through the cutting bit 60. The cutting fluid may be pumped at a selected 
circulation rate and/or a selected pump pressure to achieve a desired lmpactor and/or drilling 
15 fluid energy at the bit 60. The cutting fluid may be a drilling fluid, which is recovered for 
recirculation in a well bore or the cutting fluid may be a fluid that is substantially not • 
recovered. The cutting fluid may be a liquid, a gas, a foam, a mist or other substan t iall y 
continuous or multiphase fluid. 

The plurality of solid material impactors 100 maybe introduced into file cutting fluid 
20 to circulate the plurality of.solid material impactors 100 with the cutting fluid through the 
cutting bit 60 and engage the formation 52 with each of file cutting fluid and the plurality of 
solid material impactors 100. 

A cutting fluid or drilling fluid may be pumped at a pressure level and a flow rate 
level sufficient to satisfy an impactor mass-velocity relationship wherein a substantial 
25 portion by weight ofthe plurality of solid material impactors 100 may create a structurally 
altered zone 124 in the formation 52. The structurally altered zone 124 may have a 
structurally altered zone height 1 32 in a direction perpendicular to a plane of impaction 66 




at least two times a mean particle diameter ofparticles 150 in fee formation 52 impacted by 
fee plurality of solid material impactors 100. The mass-velocity relationship may be 
satisfied as sufficient when a substantial portion by weight of the solid material impactors 
100 may by virtue of feeir mass and velocity at fee moment of impact wife fee formation 
5 1 00, create a structural alteration as claimed or disclosed herein. 

The plurality of solid material impactors 1 00 may b e introduced into fee cutting fluid 
at substantially any convenient location near fee drilling rig 5. The drilling rig 5 may be a 
rig such as for drilling well bores, a tunnel borer, a rock drill for cutting blast holes, or other 
subterranean excavation apparatus. Substantially concurrent to impacfer 100 introduction 
10 into the drilling fluid stream that is bang circulated to fee cutting bit 60, the introduced 
impactors 100 are also circulated wife fee drilling fluid to fee cutting bit 60. A drill bit 60 

may be a cutting bit 

The c utting bit 60 may be rotated while engaging fee formation 52 to generate 
formation cuttings. The cutting fluid may be substantially continuously circulated during 
15 drilling operations to circulate at least some of the plurahty of solid material impactors 100 

and fee formation cuttings away fcom fee cutting bit 60 and/or fee bit nozzle 64. The 

impactors and fluid circulated away from fee bit 60 and/or nozzle 64 may be circulated 
substantially back to fee drilling rig 5 , or circulated to a substantially intermediate position 
between the drilling rig 5 and fee bit 60 and/or nozzle 64. Rotating fee cutting bit may also 
20 include oscillating fee cutting bit 60 rotationally back and forth, and may further include 



rotating the bit in discrete increments. 

Preferably, a majority by wdgrtoffec solid material imp^ctoW may have a 
density of I' cubte foojand a diameter in excess of. 100 inche^ More 

‘ " , fee majority by wmgjitoffeesotid material inmagti^lOOmay have a density 



ofatle^TO pounas^ OTbic'fo^dl diameter in excess" o^lOOfech^ 

As known in fee formation drilling and cutting industries, to cot a formation 52, the 
cutting implement, such as a drill bit 60 or impactor 100, must overcome minimum, in-situ 
stress levels or toughness of the formation 52. These minimum stress levels are known to 




at least two times a mean particle diameter of particles 150 in the formation 52 impacted by 
foe plurality of solid material impactors 100. The mass-velocity relationship may be 
satisfied as sufficient when a substantial portion by weight of the solid material impactors 
100 may by virtue of their mass and velocity at foe moment of impact with the formation 
5 100, create a structural alteration as claimed or disclosed herein. 

The plurality of solid material impactors lOOanaybeintroducedintothfi cuffingflnid 
at substantially any convenient location near foe drilling rig 5. The drilling rig 5 may be a 
rig such as for drilling well boxes, a tunnel borer, a rock drill for cutting blast holes, or other 
subterranean excavation apparatus. Substantially concurrent to impacfor 100 introduction 
10 into the drilling fluid stream that is bring circulated to the cutting bit 60, foe introduced 
impactors 100 are also circulated with foe drilling fluid to the cutting bit 60. A drill bit 60 
may be a cutting bit 

The cutting bit 60 may be rotated while engaging foe formation 52 to generate 
formation cuttings. The cutting fluid may be substantially continuously circulated during 
15 drilling operations to calculate at least some of foe plurality of solid material impactors 100 

and foe formation cuttings away from foe cutting bit 60 and/or the bit nozzle 64. The 
impactors and fluid circulated away fiom foe bit 60 and/or nozzle 64 may be circulated 
substantially back to foe drilling rig 5 , or circulated to a substantially intermediate position 
between foe drilling rig 5 and foe bit 60 and/or nozzle 64. Rotating, foe cutting bit may also 
20 include oscillating foe cutting bit 60 nationally back and forth, and may further include 
rotating foe bit in discrete increments. 

Preferably, a majority by weight of the solid material impactors 100 may have a 
density of at least 230pounds per cubic foo and a diameter in excess of i.100 mche More 
preferably, foe majority bywgit of the solid material impactors 100 m*vbave a density 
25 of at least # j pounds per cumc wof od a diameter in excess of UUU inches'. 

As known in foe formation drilling and cutting industries, to cut a formation 52, foe 
cutting implement, such as adrillbit 60 or impactor 100, must overcome minimum, in-site 
stress levels or toughness of foe fonnation 52. These minimum stress levels are known to 



typically range from a few thousand pounds per square inch, to in excess of 55,000 pounds 
per square inc' ’ To fracture, cut or plastically deform a portion of tanalren 52, force 
exerted on tat porta, of foe fbunadon 52 typtaBy should exceed the reinmm in-szru 
stress threshold of the fonnation 52. The larger foe area foe «*** ante up^ larger 
deformation or cutting chip generation may he effected thereby. When anmipactor 100 fire, 
initiates contact with a formation, file force exoted upon fee initial contact pomt ******* 

much higher than , 0 , 000 porreda per s^ind andmsybeweUme^aofem.^ 

pounds per sqmue inch As tee impaetor confinnea te engage *> 

impaetor fiiouU have sufficiem energy to exceed the nrinunum formation stress foretold 

and create astructurally alteed zone 124 to adepfo of in excess of two grain layers mto the 

fonnation 52, near the impacted area. lhe^dteesmayhean te^»^«o 
a maximum diameter of aportion of animpachjr 100 that engages foe formation face 66. 

* oris invention, a substenfia’ oorfion by weight of file plurafoy of solid watered 
impactots 100 may apply at leas* 1000 pounds per square inch of ranw .o*ta^<^ 
to create the structorally altered zone 124 in fire formation. Further, 
apply in excess oftzu,000pounda per square inch of energy to file formation 52 ^ *”^* ** 
structurally altered zone 124 in (he formation. The structurally ter 
include a structurally altered height 132 in a direction perpendicular to a Pi® 1 ® 

66 a. least two times amean partide diaineter of particles 150 in the fonnation 52 impacted 

, bythepluralityofsolidmaterialimpactors 100. Prefinably, foe mass-velocity relabonslnp 

risml pardon h, wd*. of foe phrality of solid material nnpactorelOO may 

' provide at least 5 lsx) pounds per square hnfo of force per area impacted by arespectivesohd 

material impactcm Aradontyby w ^.of^phmdi^ofsoMmatertelmmactorelOO 

preferably have a diameter in excess uL .100 inches 
s * More preferably, the mass-velocity relationship of a substantial poruonby weight of 

foe plurality of solid materia! impactors 100 may provide at lea 1 20 , 000 pounds per square 
inch offence per area impacted by arespective colid materia] impactor 1 00, A majority by 
weidit of foe pluraht" ™«iad«t trnnaetore 100 Preferably have a diameter m excess 

of ).io6 inchef 




Bra more preferably, fen mass-velocity' relationship of a substantial portion by 
weigh! of lie plurality of solid material impactois 100 prevido at leaa 10,000 pounds pet 
‘ square inchW force per area impacted by a respective solid material impactor. Anqonty 

by weight of the plurality of read material impactor. 100 preferably have . diameter m 
5 excess of 3.100 tnches In each ofthc shove feme transfers, a structurally ateed zone may 

be created by n subsfcntral portion by weight of (he solid material impedes 100 to create n 
structurally altered zone 132 to a depth of at least two grain layers deep into fee fonnaOon 

52 neararespective point of impact Bach grain layer may have a height equal to the mean 

■ dhunefer of particles 150 in fee tarnation 52. A subshmlisl portion memts at least five 
10 percent by weight of fee plurality of solid material impactors, and more particularly at least 

twenty-fiveperceniby weight ofthepluraEty of soHdmaterial tmpactors mtroduced into fee 



drillingftnd. Evenmoreparticulariy.aubstmttralport.onmeansarte^anuuo^ — e- 

of the plurality of solid material impactors introduced into the drilling fluid 

A substantial portion by weight of fee plurality of solid material impactors 100 may 
create a structurally altered zone 124 in die fotmaliqn 52 having a structurally altered zone 
height 132 in a direction peqtendicular re a plane of impaction 66 at least tour tones a mean 
particle diameter of particles 150 in the tarnation 52 impacted by the plurahty of rehd 

material impactors 100. More preferably, arebsbmtialportionby weight offlrephrfrtyof 

solid material impactois 100 may create a structurally altered zone 124 in die fonnanon 52 
having a structurally altered aone height 132 in a direction perpendicular to a plane of 
impaction 66 at least eight times a mean particle diameter of particles 150 m the tarnation 

52 impacted by the plurality of solid material impactois 100. 

A majority by weight of the solid material impactors 100 may have a velocity of at 
leastt !00 teet per aecond iubstantially immediately prior to the point at which fee ucpactora 
1 00 engage fee fennatioa 52. More preferably, a maknity by weight of fee eohd matenal 
im pactora 1 00 may have a velocity of at least. toO foot per second md as great ar 1200 reel 
per second «t engagement wife the tarnation 52. Bra more preferably, a ma,onty by 

weight ofthe soiidmaterial impactors 100 may haveavelocity of at least. >00 fcetper second 

andss great as 750 feetpersecond at engagement with the tarnation 52. Inaneramore 
preferred embodiment, a majority by weight of fee solid material impactas 100 may have 



.velod^ofatleaaJiM^pers^vmdaB^ai.MOfWpas^ ..engagement 
with tiie foxmatioii 52. 

Referring to Figs. 1 through 5B, this invention may provide a method for cutting a 

substantially at the drilling rig5,acuttingfluid and plurality of solid material impactors 100. 

Tbe drill string 5 may include a feed end 210 located sabstantialty near die drilling ng 5 and 



a bit end 21 5 including a cutting bit 60 supported thereon. 

The plurality of solidmaterial impactois 100 maybe introduced into the cutting fluid 

to circulate the plurality of solid material in^tactors 100 with the cutting fluid, through die 
10 cutting hit 60 and to engage to formate. 52 withbofh to cutting fluid and to plurality of 

' solid material impaetora 100. The plurality of solid material hnpaetora 100 may bo 
introduced into to catting fluid at substantially any convenient location near to drilling rig 

5. Thedrillingrig5mayhearigsuchasusedfordril]ingwellhores,atonndborer,arock 

drill for cutting blast holes, or otox sobtemmran eaosvatron apparatus or assembly. 

15 A ungority by weight of to plurality of solid material impactors 100 may have a 

mean outer diameter of at least d.100 inches Priorartietcutegandabrimvecuttingutto 
pardoleshavmgamoandiamotoronesstor O.lOOinches Ttecattmgbit 60 may berimed 

. while engaging to fcnnation 52 such tot tohit 60 and/or to impaotonr 100 eugagmg the 

formation 52 may generate fonnation cuttings, Iheimpaetois 100 maybe introduced into 

20 the ratting fluid intemutteutly dining to cutting operation. The rate of impaotor 100 
introduction relath™ to to rate of cutting fluid circulation may also be adjusted or 
interrupted ss desired. At least some of to cutting fluid, to plurality of solid mntenal 

tapsetots 100 and to formation cuttings may be oiicnlated away from the cuttmg bit 60 and 

returned substantially back to to drilling rig 5. “At to drilling rigT shall also include 
25 substantially remote separation, snob as a separation process that may be at least partially 
earned out on to sea floor. A. to drilling rig 5, a. Iras, some of to cufrings and sobd 
material impactors 100 may be separated from at least a portion of to dolling fluid. 
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Hie impactors 100 may be introduced into the cutting fluid and circulated with the 
c utting fluid, through the drill string 55 and drill bit 60 to cause the impactors 100 and the 
cutting fluid to substantially continuously and repeatedly engage the formation 52. Such 
engagement with the formation 52 by one or more impactors 100 or with foe formation 52 
5 by a bit tooth 108 and an impactor 100, may create a structurally altered zone 124 in foe 
formation 52 having a structurally altered zone height 132 in a direction perpendicular to a 
plane of impaction 66. The structurally altered zone 124 may have a height of at least two 
tones a mean particle diameter of particles 150infoe formation 52 impacted by foe plurality 
of solid material impactors 100. 

10 Each nozzle 64 in foe bit 60 may be selected to provide a desired cutting fluid 

circulation rate, hydraulic horsepower substantially at the bit 60, and/or nnpactor energy or 
velocity at apoint of engagement of foe respective impactor with the formation. Eachnozzle 
.64 may be selected for inclusion in foe bit 60 as a function of at least one o£ (a) an 
expenditure of a selected range of hydraulic horsepower across the one or more bit nozzles 
15 64, (b) a selectedrange of drilling fluid velocities exiting foe one or more bit nozzles 64, and 

(c) a selected r ang e of solid material impactor 100 velocities exiting foe one or more bit 

nozzles, or engaging foe formation 52. 

To optimize a cutting rale of penetration, it may be desirable to determine, such as 
by mnnitnrln g j observing, calculating, knowing or assuming one ormore drfflingparameters 
20 such that adjustments may be made in one or more controllable variables in foe cutting 
operation as a function of the determined or monitored drilling parameter. The one or more 
drilling parameters may be selected from a group consisting of; (a) a number of teeth 108 on 
foe cutting bit 60 that engage foe formation 52 per unit of time, (b) a rate of cutting bit 60 
penetration into foe formation 52, (c) a depth of cutting bit 60 penetration into foe formation 
25 52 from a depth reference point, (deformation drillability factor, and (e) amunber of solid 

materi al impactois 100 introduced into foe cutting fluid per unit of time. Monitoring or 
observing may include monitoring or observing one ormore drilling parameters of a group 




60 



of d rilling parameters consisting of a group of; (a) a rate of cutting bit rotation, (b) araie of 
mtting bit penetration into the formation, (c) a depth of cutting bit penetration into the 
formation from a depth reference point, (d) a formation driHability factor, (e) an axial force 
applied to the cutting bit 60, (f) the selected calculation rate, and/or (g) the selected pump 
5 pressure. 

One or more controllable drilling or cutting variables or parameters may be altered, 
incindiiig; (a) at least one of a rate ofimpactor 100 introduction into the drilling fluid, (b) an 
impactor 100 size, (c) an impactor 100 velocity, (d) a cutting bit nozzle 64 selection, (e) tire 
selected circulation rate of the drilling fluid, (f) the selected primp pressure, and (g) any of 
10 die monitored drilling parameters. 

The velocity of the plurality of solid material impactors 100 exiting the cutting bit 
60 may cause a substantial portion by weight of the plurality of solid material impactors 60 
to ""gag* the formation 52 and propagate fractures 1 16 and/or micro-fractures 106 into the 
formation 52. Impactor velocity to achieve a desired effect upon a given formation may vary 
15 as a ftrnrrinn of f ormat ion compressive strength, hardness or other rode properties, and as a 
function ofimpactor size and cutting fluid rheological properties. In addition to the imp actor 
100 the formation 52 and altering one or more structural properties therein, a bit 

tooth 64 or a subsequent impactor 100 may engage an impactor 100 or a portion of the 
structurally altered zone 124 to further enhance formation structural alteration, the 
20 propagation of fractures, or generation of a formation cutting. The velocity of impactors 1 00 

exi ting the cutting bit 60 may cause a substantial portion by weight of the impactors 100 to 
engage foe formation 52 and alter the structural properties of the formation 52 to a depfo of 
at least two times foe mean diameter of particles 150 in foe impacted formation, thereby 
cr eating an impactor altered zone 124. More preferably, structural alteration may be effected 
25 to a depfo of at least one-third the diameter of a majority of the plurality of foe solid material 

impactors 100. Even more preferably, structural alteration may be effected to a depth of at 
least foe diameter of a majority of foe plurality of the solid material impactors 1 00. 




A previously impacted solid material impactor 100 and/or the impactor altered zone 
124 my be subsequently engaged with another solid material impactor 100 and/or a tooth 
108 on the cutting bit 60. Such subsequent engagement may further enlarge and/or 
structurally alter the structurally altered zone 124, and may also effect extraction of one or 
5 more cuttings from the formation 52 , 

To alter the rate ofimpaetora 100 engaging the formation 52, the rate of impaetor 
introduction into the cutting fluid may he altered The fluid circulation rate may alao he 
altered independent from the rate of impactor 1 00 introduction. Thereby, concentration of 
hnpaetors 1 00 in the cutting fluid may be adjusted aeparate from the fluid circulation lute. 
10 Introducing a plurality of solid material impactors 100 into the cutting fluid may be a 
function of impactor size, cutting fluid rate, bit rotational speed, well bore 70 size and a 

selected impactor engagement rate with die formation 52. 

The drilling bit 60 may include a nozzle 64 designed to accommodate impactore 1 00, 

such as an especially baldened n02zle,adiapednozzle, or an “impactor** nozzle which may 

15 be particularly adapted to a particular plication. The nozzle 64 is preferably a type that .a 

known and commonly available. The nozzle 64 mayfetlher be selected to accommodate 
unpactors 100 in a selected size range or of a selected material composition. Nozzle size, 
type, material and quantity may be a function of the formation being cut, fluid properties, 
imnactorproperties and/or desiredhydtaulic energy expenditure at the nozzle 64. The nozzle 
20 64 may be of a dual-discharge nozzle, such as the dual jet nozzle taught in U.S . patent 

number 5,862,871. Such dual discharge nozzles may generate each of (1) a radially outer 
-irfnteg fluid jet substantially encircling a jet axis, and (2) an axial drilling fluid jet 
substantially aligned with and coaxial with the jet axis, and the dual discharge nozzle 
directing a majority by weight of the plurality of solid material impaciors into fee renal 

25 drilling fluid jet A dual discharge nozzle 64 may separate a firti portion of the drilling fluid 

flowing through fee nozzle 64 intoafirst drilling fluid stream havingafirst drilling fluid exit 

nozzle velocity, and a second portion of the drilling fluid flowing through the nozzie 64 mto 




a second drilling fluid stream having a second drilli n g fluid exit nozzle velocity lower than 
file first drilling fluid exit nozzle velocity. The plurality of solid material nnpactors 100 may 
be directed into the first cutting fluid stream such that a velocity of the plurality of solid 
factors 100 while exiting the drill bit 60 is substantially greater than a velocity 
5 of die cutting fluid while passing through a nominal diameter flow path in the bit end 215 

of die drill string 55, to accelerate the plurality of solid material nnpactors 100. 

hi a preferred embodiment, die impactors -100 may be substantially spherical and 
metallic, such as steel shot, and a ungodly by weight of the introduced impactors 100 may 
have a mean outer diameter m excess of- 1100 inches Impactor diameter may be selected 
10 at least'partially as a fimction of one or more monitored formation cutting parameters. 

Introducing the impactors 100 into the drilling fluid may be accomplished by any of 
several known techiriqueSj suchaspreferably pumping the impactors withprogressive cavity 
pump. The solid material impactors 100 also may be introduced into the drilling fluid by 
withdrawing the plurality of solid material impactors 100 from a low pressure impactor 
15 source 98 into a high velocity stream of cutting fluid, such as by venturi effect 

Referring to Figs. 1 through 5B, this invention includes methods for cutting a 
formation 52 and more particularly for drilling a wellbore 70 through a subterranean 
formation 52 using a drilling rig 5, a drill string 55, a fluid pump 2 and/or 4 located 
substantially at the drilling rig 5, and a drilling fluid. The drill string 55 may include an 

20 upper end located substantially neu fee drilling rig 5 end a bit-end 215 including a drill bit 

60 supported thereon. A preferred method may include fee steps described previously for 
cattmg a formation, and including providing apluraUty of solid material impactors 100. 

A drill bit 60 may be provided with at least one nozzle 64 and more preferably three 
nozzles 64, such feat a velocity of fee drilling fluid while exiting fee drill bit 60 is 
25 substantially greater than a velocity of fee drilling fluid while passing through a nominal 
diameter flow path in the bit end 215 of the drill string, such as in a drill collar 58. 

The plurality of solid material impactors lOOrnay be provided substantially adjacent 




te drilling rig, end. as fa > storage bin 82, “* tatadto » »' ” «K““ ,tolfor 
introducing the impactors into the circulating drilling fluid stream. Drilling fluid may be 

circulated from the fluid pump 2 and/or 4, into die upper end ofthe drill string 55, through 

die drill string 55 and through the drill bit 60, the drilling fluid being pumped at at least one 

5 of a selected circulation rate and a selected pump pressure. The drilling fluid may also be 

provided with rheological properties sufficient to adequately transport and/or suspend the 
plurality of solid material impactors 100 within the drilling fluid. 

The plurality ofsolid material impactors may be introduced into die drilling fluid at 

a selected introduction rate and/or concenfrulion to circulate the plurality of solid material 

10 impactors 100withthedrillingfluidthrougbthedrillbit60. The selected circulation rate 

and/or pump pressure, and nozzle selection maybe sufficient to expend a desired portion of 
ooeegy or hydraulic horaepower in etth of the drilling fluid and the impactors 100. The 

. formation 52may be engaged or impacted with each of the drilling fluid and the plurality of 



solid material impactors. 

15 A majority by weight of die plurality of solid materiel impactors preferably have a 

rneanouterdiameteeinesceasofd.luOinriiea Thebit 60 mayberotatedwhile<nreulating 

the drilling fluid and engaging the plurality of solid material impactors 100 substantially 

• continuously or selectively intoaritteutly, with theabottomholesurfiice 66 ahead ofthe drill 

' bit 60. htapreferred embodiment, thenozzles 64 may beorientedtocausetbesohdmatenal 

20 impactors 100 to engage the fbnnatian 52 wiflt a radialty outer portion ofthe bottom hole 

surface 66. Ther*y,asthedrfflba60isrotntedoneormorecireumSnentiallcerfmaybe 

created by the impactors 100, in the bottom bole surface 66 ahead ofthe bit 60. Thednllbtt 
60 may thereby generate fbnnatian cuttings mare efficiently due to reduced stress m the 
auto 66 being drilled, due to (he on. or more substantially drcumferenhal kmfr m ffie 



25 surface 66. 

After engaging die formation 52, at least some ofthe drilling fluid, the p tyo 

solid material impactors 100 and the generated- tarnation cuttings may be circulated 




t « • 



i r» 



it » * * * • 

« if • ■ **•* 

t * •»»«• 

4 • ■ « » ■ 4 

• • • • • • • 

c+ 

substantially back to the drilling rig 5. At the drilling rig, the returned cuttings and solid 
material impactors 100 maybe separated from the drilling fluid to salvage the drilling fluid 
for recirculation of the drilling fluid into the present well bore 70 or another well bore. At 
least a portion of the impactors 100 may be separated from a portion of the cuttings by a 
5 series of screening devices, such as the vibrating classifies 84 discussed previously, to 
salvage a reusable portion of the impactors 100 for reuse to re-engage the formation 52. A 
majority of the cuttings and a msgority of non-reusable impactors may be discarded. 

hr a preferred embodiment, a progressive cavity type pump 96 may be utilized to 
pump the slurry of drilling fluid and solid material impactors 100 into the drilling fluid 
10 stream pumped by the mud pump 2 and/or 4. An impactor slurry injector head 34 may be 
provided on the gooseneck 36, which may be located atop the swivel 28. Aport 30 maybe 
provided in the gooseneck 36 to permit toe introduction of the plurality of solid material 
impactors 100 into the drilling fluid through the injector head 34. A low volume, medium 
pressure tnnd primp 4 may also introduce a stream of drilling fluid into the gooseneck 36, 

15 through toe injector head 34. 

• A majority by weight of toe introduced plurality of solid material impactors 1 00 
preferably maybe substantially spherically shaped and include an outer diameter of at least 
•0.100 incher . More preferably a majority by weight of the impactors 100 may have a 
diamet er of at least 0.125 inches md as great as 0i333 inches Even more preferably, a 
20 majority by weight of the impactors 100 may have a diameter of at least 0.1 50 inches mdas 

great as 1.250 inches 

The velocity of a majority by weight- of the plurality of solid material impactors 
immediately e ating a drill hit nozzle 64 may be as slow as. 250 feet per second md as fast 
as 000 feet per second immediately upon, exiting the nozzle. The velocity of a majority by 
25 weight of the impactors lOOmaybe substantially toe same, only slightly reduced, atthepoint 

of impact of an impactor 100 ad toe formation surface 66. 

Referring to Figs. 1 through 5B, a method is provided for cutting a subterranean 




fomation 52 using a drilling rig 5, a drill string 55, at least one fluid pump 2 and/or 4 located 
substantially at the drilling rig 5 and a cutting fluid. The drill string 55 may include a feed 
end 210 located substantially near the drilling rig 5 and a bit end 21 5 including a cutting bit 
60 supported thereon.' The method may be similar to the previously discussed methods for 
5 cutting a subterranean formation or methods for drilling a well 70 and may include creating 

a structurally altered zone 124 in the formation 52. The formation 52 maybe engaged by the 
cu tting fluid and the plurality of solid material imp actors 100 to create a structurally altered 
zone 124 in the formation 52 having a structurally altered height 132 in a direction 
perpendicular to a plane of impaction 66 at least two times a mean particle diameter of 
10 particles 150 in the formation 52 impacted by the plurality of sotid material impactors 1 00. 

It shouldbe understood that eachimpactor 100 will have its own plane ofimpaction 66 with 
the formation 52. 

A majority by weight of foe plurality of solid material impactors 100 may have an 
impactor diameter of at least 0.100 inches The structurally altered zone 124 may include 
15 a fracture 116 in foe formation having a fracture height at least two times a mean particle 
diameter of particles 150 in foe impacted formation 52 in a direction perpendicular to aplane 
ofimpaction 66. More preferably, at least one fracture 116 may be created in foe formation 
52 having a fracture height 132 at least four times a mean particle diameter of particles 150 
in the impacted formation. Even more preferably, at least one fracture 116 may be created 
20 in the formation 52 having a fracture height 132 at least eight times a mean particle diameter 

of particles 1 50 in foe impacted formation 52. 

The structurally altered zone 124 may include a compressive spike 102, which may 
be more dense to tie adjacent fonnaiion 52 and/or maybe liermally altered dueto impact 

eoergy. Tbe compressive spike 102 may mcMe e spite 1 M m least two times a me^ 

25 particle diameter of particles 1 50 in the formation 52. 

At least one of a circulation rate and a pump pressure may be selected such that the 




at a point of impact with the formation 52 may create a plurality of fractures 116 in the 
formation 52 pach having a fracture length at least two times a mean particle diameter of 
particles 150 in the impacted formation 52. 

Introducing the plurality of solid material imp actors 100 into the cutting fluid may 
5 r.angp. a cnKctan-Hai pm-tirm hy weight of die introduced impactors to engage the formation 
52 and alter one or more structural rock properties of the formation 52 in foe vicinity a 
respective point of impact Such alteration may include altering the density of or creating 
a fracture in, at least aportion of the formation in the vicinity of a respective point ofimpact. 
•Introducing foe plurality of solid material impactors 1 00 into foe cutting fluid may cause a 
10 first impactor 100 to engage foe formation. Subsequently, at least one additional impactor 

may engage foie fist impactor 100 thereby causing at least one of the first impactor 100 and 
the at least one additi «r »»l impactor to alter foe structural rock properties of the formation 52 
in foe vicinity of at least one of the first impactor 100 and foe at least one additional 
impactor. In addition, rotating foe cutting bit 60 may cause at least one tooth 108 on the 
15 cutting bit 60 to engage at least one solid material impactor 100, causing foe at least one 

solid material impactor 100 to alter foe structural rode properties of the formation 52. 

Referring to Figs. 1 through 5B, this invention provides a system for cutting a 
subterranean formation 52 using a drilling rig 5, a drilling fluid pumped into a well bore 70 
by fluid ptnnp(s) 2 and/or 4 located at foe drilling rig 5 . A drill string 55 is i n clude d having 
20 a feed end 210 located substantially near the drilling rig 5, abit end 21 5 for supporting a drill 

bit 60, and chiding at least one through bore to conduct the drilling fluid substantially 
between foe drilling rig 5 and the drill bit 60. The drill bit 60 includes at least one nozzle 64 
at least partially housed in foe drill bit 60 such that a velocity of foe drilling fluid while 
exiting the drill bit 60 is substantially greater than a velocity of foe drillin g fluid while 
25 passing through a nominal diameter of the through bore in the bit end215 offoe drill string 

55. 

An impactor introducer 96 maybe included to pump or introduce aplurality of solid 




material impactors 100 into the drilling fluid before circulating apluiality of impactors 100 
and the drilling fluid to the drill bit 60. In a preferred embodiment, the impactor introducer 
96 may be a progressive cavity pump. 

The plurality of solid material impactors 100 may be included for engaging the 
5 formation 52. The plurality of solid material impactors may be composed of distinct, 
separate, independent impactors. Preferably, the impactors 100 may be substantially 
spherically shaped and composed of a substantially metallic material, such as steel shot A 
majority by weight of the impactors 100 may include an outer diameter of at least 0.100 
inched More preferably, a majority by weight of ihe impactors 100 may be at least 0.120 
10 inches in diameter and may be as large as 1.333 inches? in mean diameter. Even more 

preferably, a majority by wei^t of fee iiq>act^ 100 maybe at least J.150 inches in mean 
diameter and may be as large as >250 incheam mean diameter. 

A preferred system may also include an impactor introducer conduit 88, 38 for 
conducting the plurality of solid material impactors 100 from an impactor introducer 96 
15 substantially to the feed end 210 of the drill string 55. The system may also include a fluid 

conduit 8, 24, 40, 42. for conducting the drilling fluid from the drilling fluid pump 4, 2 
substantially to the feed end 210 of the drill string 55. The fluid conduit 8, 24, 40, 42 may 
include at least one introduction port 30 for introducing die plurality of solid impactors 1 00 

from the impactor introducer 96 into the drilling fluid 
20 The Systran for cutting a subterranean formation using a drilling rig may inclnde a 

gooseneck 36 having a throng bore therein for conducting drilling flnid from at least one 
of fee fluid conduits 8, 24, 40, 42 to a drilling swivel 28. The gooseneck 36 may include the 
introduction port 30 in fee gooseneck. The drilling swivel 36 including the ferongh bore for 
conducting drilling fluid therein, may be substantially supported on fee feed end 210 of fee 
25 drill string 55 for conducting drilling fluid from the goose neck into fee feed end 210 of fee 

drill string. The feed end 210 ofthe drill string 55 may include akelly 50 to connect fee drill 
pipe 56 with fee swivel quill 26 and/or fee swivel 28. 




The system may farther comprise a drilling fluid separator system, such as discussed 
previously in reference to Fig. 1, which may include a reclamation tube 44 to separate a 
portion of the circulated imp actors 100 and a portion of the cuttings from a portion of the 
drilling fluid. A vibrating classifier 84, may also be included to reclaim a reusable portion 
5 of impactors 100 for recirculation or reuse. An impactor storage tank 94 may receive the 

reclaimed portion of impactors 100. A slurrification tank 98 may receive impactors 100 
from the storage tanlf 94 and a portion of drilling fluid, in order to create a slurry containing 
a selected concentration of impactors to be introduced into a p umped portion of drilling fluid 
and circulated into the ■wellbore 70. A portion of file drilling fluid may be recovered into a 
10 nnid tank 8 for recirculation into file well bore 70. 

An alternative embodiment of this invention may include cutting a formation using 
a plurality of solid rp fltft d a1 impactors to engage the formation, in the absence of a cutting 
bit engaging the formation. A nozzle 64 may be provided an a nozzle end 215 of the drill 
string 55. Thenozzle may be rotated, maintained rotationally substantially stationary, and/or 
1 5 oscillated rotationally back and forth, to direct the plurality of solid material impactors and/or 

. the drilling fluid into engagement with the formation 52. 

The method may comprise providing at least one nozzle 64 such that a velocity of the 
f retting fhrid white exitin g foe nozzle 64 is substantially greater tfaana velocity of the cutting 
finiH w hii s pas sing through a n ominal diameter flow path in the nozzle aid 215 of the drill 

20 string 55. 

The cutting fluid may be circulated from the fluid pump 2 and/or 4,such as apositive 
displacement type mud pump, through one or more drilling fluid conduits 8, 24, 40, 42, into 
the feed end 210 of the drill string 55. The cutting fluid also may be circulated through 
drill string 55 and through the cutting bit 60. The cutting fluid may be pumped at a selected 
25 circulation rate and/or a selected pump pressure to achieve a desired impactor and/or d rilling 

fluid energy at the nozzle 64. The cutting fluid may be a drilling fluid, which is recovered 
for recirculation in a well bore or the cutting fluid may be a fluid, which is substantially not 




recovered for reuse or recirculation. The cutting fluid may be a liquid, a gas, a foam, a mist 
or other substantially continuous or multiphase fluid. 

Theplurality of solid material impactors 1 00 may be introduced into die cutting fluid 
to circulate the plurality of solid material impactors 100 with the cutting fluid through the 
5 nozzle 64 and engage the formation 52 with each of the cutting fluid and a majority by 
weight of die plurality of solid material impactors J 00. 

A fitting fluid or drilling fluid may be pumped at a pressure level and a flow rate 
level sufficient to satisfy an impactor mass-velocity relationship wherein a substantial 
portion by weight of the majority by weight of die plurality of solid material impactors 100 
10 that engage the formation 52 may create a structurally altered zone 124 in the formation 52. 

The structurally altered zone 124 may have a structurally altered zone height 132 in a 
direction perpendicular to a plane ofxmpaction 66 at least two times a mean particle dia me ter 
of particles 150 in the formation 52 impacted by the plurality of solid material impactors 
100. The mass-velocity relationship maybe satisfied as sufficient when a substantial portion 
15 by weight of the solid material impactors 100 may by virtue of their mass and velocrty at the 

moment of impact with die formation 100, create a structural alteration as - claim ed and/or .. 
disclosed herein. 

Theplurality of solid material impactors lOOmay be introduced into the cutting fluid 
at subs tantiall y any convenient location near the d rilling rig 5. The drilling rig 5 may be a 
20 rig such as for d rilling well bores, a tunnel borer, a rock drill for cutting blast holes, or other 

subterranean excavation apparatus. Substantially concurrent to impactor 100 introduction 
into die drilling fluid stream that is being circulated to the nozzle 64, the introduced 
impactors 1 00 also may be circulated with the drilling fluid to die nozzle 64. 

Other alternative embodiments may include an impactor introducer that creates a 
25 venturi effect for withdrawing a portion of the plurality of solid material impactors 100 from 

an impactor source vessel, such as a slurrification tank, an impactor storage tank or an 
Mn parJnr storage bin. The venturi type impactor venturi inductor thereby may withdraw a 




plurality of solid material impacted 100 into a high velocity stream of fluid, 
such as drilling fluid, and subsequently introduce the impactors 100 and fluid 

5 into the circulated drilling fluid. 

In still other alternative embodiments, the system may include a pump, 
such as a cenhifugal pump, havmg a resilient lining to is compatible for 
pumping a solid-material laden sluny. The pump may pressurize the shiny to a 

10 pressure greater than the selected mud pump pressure to pump the plurality of 
solid material impactors into the drilling fluid. The impactors may be 
introduced through an impactor injection port, such as port 30. Other 
alternative embodiments for the system may include an impactor injector 
including an auger for introducing the plurality of solid material impactors 100 

1 5 into the drilling fluid. 

The method by which the auger is used to introduce the plurality of solid 

material impactors 100 into the drilling fluid has several steps. The auger is 
hydraulically isolated from the circulating drilling fluid. The auger is filled, at 

20 a low pressure from a fill end, with a plurality of solid material impactors 100. 
The auger is sealed to internally withstand at least the selected pressure of the 
pump. A discharge end of the auger is hydraulically communicated with the 
drilling fluid at the selected pump pressure. The solid material impactors 100 
are displaced from the auger, into the drilling fluid by rotating the auger withrn 

25 an impactor introducer housing- 
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Alternative embodiments of impactors may include other metallic 
materials, including tungsten cartnde, copper, iron, or various combinations or 
5 alloys of these and other metallic compounds. Impactors may also be 
composed of non-metalUe materials, such as bauxite, ceramics or other man- 
made or substantially naturally occulting non-metallic materials. Other 
alternative embodiments may include impactors that may be irregularly shaped, 
angular shaped, sub-angular shaped, particularly shaped, such as like a torpedo, 
10 dart, rectangular, or otherwise generally non-spherically shaped. 

In alternative embodiments, a majority by weight of the plurality of solid 
material impactors may be substantially rounded and have a non-uniform outer 
diameter. Other alternative embodiments may include impactots in which a 
15 majority by weight of the impactors may be substantially itregularly shaped. In 

such alternative embodiments, a majority by weight of the impactors may be of 
a substantially uniform mass, grading or size. At least one length or diameter 

dimension may be at least 0.254 cm (0. 100 inches). 

20 In alternative embodiments of the methods of this invention, 

the structurally altered zone 124 may include a fracture 116 in the 
formation having a fracture height 132 of at least two times a mean diameter 
of a majority by weight of the plurality of solid material impactors 100 
impacting the formation 52, in a direction perpendicular to the plane of 
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impaction 66. Fractures 116 also may be created in formations that may be susceptible to 
fracturing, which have a fracture length in excess of eight time a mean diameter of amajority 
by weight of the plurality of solid material impactors. 

As the plurality of solid material impactors 100 exiting the cutting bit 60 engage the 
5 fonnation52, a substantial portion by weight of the plurality of solid material impactors 100 

may create a plurality of craters 120 in the formation. Each of the plurality of craters 120 
may have a crater depth 109 of at least one*third the diameter of the respective impactor 100 
that created the respective crater 109. 

As discussed previously, several theories and mechanisms are advanced to explain 
10 and support the surprisingly good results obtained using the methods and systems of this 
invention in c utting subterranean formations. A mechanism that may be at least partially 
responsible for the successful application of this invention in certain formations 52, such as 
deep, relatively hard to conventionally drill formations, is shotpeening. The me chanism and 
methods of shotpeening are well known in the metals arts to render a hardened or toughened 
15 surface. In the formation cutting or drilling industry, the adaptation of these techniques has 
not heretofore been established as pertains to rock formations. Some understanding of the 
mechanics of formation drilling may help to enable a drill bit designer, a nozzle designer, a 
ririil bit user, nozzle user and user of the methods of this invention each to increase the 
performance of formation cutting or drilling equipment and techniques. 

20 When a rock formationis subjected to years ofpressure and stress deformations from 

above, beneath and laterally, in conjunction with exposure to elevated temperature, and 
l pacbin grirp^r^ ^bri g eh sminals , therock formation may undergo substantia] changes. The 
resulting formation may have properties ranging from a soft powder to near diamond hard 
obsidian, or an agglomeration of properties, depending upon the initial rock properties and 
25 exposed conditions. For example, extremely hard stone chips can be imbedded in relatively 

soft limestone or shale. The results may be formations with varying parameters of porosity, 
hardness, permeation, lubricity, size, and thickness and a substantially heterogeneous mixture 
or series of formation layers. The general works ofpublic knowledge include a diverse and 
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in depth description of those parameters and additional related mat erial, s uch that by reason 
of c ommonnes s they are included herein by reference. 

The dmi™g of bore holes such as well bores for oil and gas production may require 
drilling through a sequence of varied formation types to excavate the borehole. The 
5 formations generally include inherent strength thresholds, hardness, and abrasive 
characteristics that must be overcome by the mechanical action of the drill bit and drilling 
fl u id s during drilling to generate chips of cuttings. The cuttings may be subsequently 
removed to the surface by hydraulic transportation by the circulating drilling fluid. The 
drilling fluid typically circulates to the bit through interior passages in the drill string and the 
10 drill bit, wherein the fluid may be accelerated by through one or more drill bit nozzles. After 

exiting the nozzles, the fluid may be impinged against and in some circumstances ideally at 
least partially into formation being drilled and returned to the surface via the annular space 
between the drill string and the well bore wall. 

. These earthen formations may be subject to increasing overburden and in situ stress 
15 forces as a function of increasing depth. The bit teeth and hydraulic drilling fluid forces 
on tiie formation may generally tend to “work harden or toughen the formation, 
which may mtke the formation more resistant to chip generation by the mechanical action 
of the drill bit 

When a relatively high mass impactor 100, as opposed to an abrasive type particle, 
20 is accelerated to a selected velocity and impacted against a formation 52, one or more of 
several things may occur at or near the point of impact: 

1. An impactor 100 may simply impart a portion of its kinetic energy into the rock, bounce 
ofi, be disintegrated or any combination thereof Such occurrence may result when the 
momentum (Momentum = mass x velocity) or the total impact force (Force — mass x 
acceleration) of the impactor 100 at the point of impact with the formation 52 may be 
less than the resistive physical properties of foe rock. At least some of foe energy may 
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be riigqpatfiH as beat in an elastic and/or plastic deformation of the substantially 
immovable formation surface. 

2. An im pact™- 100 may penetrate a small distance into the formation 52 and cause the 
displaced or structurally altered rock to “splay out” or be reduced to small enough 

5 particles for the particles to be removed or washed away by hydraulic action. Hydraulic 

particle removal may depend at least partiallynpon available hydraulic horsepower and 
at least partially upon particle wet-ability and viscosity. Such formation deformation 
maybe a basis for work hardening of a formation by “impactor peeoing,” as. the plurality 
of solid material fmpactors 100 may displace formation material back and forth. Such 
10 working of the formation may equalize compressive force irregularities near the 
form ation surface 66. 

3. An impactor 100 may be driven relatively deep into the formation and may cause 
compressive and/orshear related fractures or micro -fractures in the formation and 
possibly even some lo calized melting. The melting mechanism may be similar to what 

15 sometimes happens to bullet-type “perforators,” which are often composed of tungsten 

or other very high-density materials. 

4. An impactor 1 00 may actually be at least partially melted and may expend a portion of 
its energy creating a fracture 1 1 6 or indentation. 120 in the formation 52, and may move • 
a tiny compressive spike 102 inside foe formation 52 along a propagation path 130 ahead 

20 of and in the direction of impactor engagement with the plane of impaction 66. In 
creating a spike and/or subsequently displacing a previously created spike, it may be 
important to understand that ahead of an impactor 100, a compression zone may exist 
such that the forces may be acting in the formation, away from and centered upon foe 
point of impact, based upon a root means squared distribution of impacting forces. Such 
25 force distribution may be at least partially influenced by homogeneity of foe formation 

and densities of various components thereof. It may not be necessary for foe relatively 
higher densi ty spike, such as spike 102, to be melted into a new form of rock Rather, 




the levels of compression and structural rock matrix alteration may effect a change in 
rock density in the spike, which in turn may subsequently beneficially act as if the spike 
wpto je nTy g hintiflUy aa han t nr dense as the impactor. The density change in file spike may 
extend into the formation for a spike length 134, which may be in excess of four times 
5 the diameter of the respective impactor. Various combinations of the above effects may 

be predictable in certain formations. Such thermo-mechanical effects in formations may 
be rimiiar to effects observed or produced in foe military by “penetrator munitions.” A 
brief sim plific ation may be stated such that compression causes heating and heating 
causes 
10 ofimpact 

As discussed above, a number of structural alterations or effects which may improve 
rate of penetration during formation cutting or drilling may be mechanically imposed upon 
a formation 52 by methods and/or systems employing impactors 100. Some of foe imposed 
. effects may include; (a) creation of a work hardened and/or less-plastic formation face 66 
15 ahead of the bit 60, and (b) foe creation of compression spikes 1 02 in the formation 52 ahead 

of an impactor, wherein the spike may have an increased density. 

Another effect, foot peemng, is well known in foe metals arts and an understanding 
. of foe pa™* or srmilflr characteristics and methods may be beneficially applied to the 
impactor methods and systems of this invention to enhan ce the drillabihty of formations. 
20 Formation peening and/or work hardening of a formation 52, including creation of a density 
spi ke 102, fracture 116 or both, by impact mechanics and/or by the mechanical interaction 
between a bit tooth 108 and/or an impactor 100, and the formation 52 may facilitate 
improved rate of penetration. 

When an impactor 100 is embedded or entrained into the formation 52, even briefly, 
25 the impactor 1 00 may be subsequently engaged by a bit tooth 1 08 . Thereby, foe impactor 100 

may transmit at least a portion of each of a compressive (W OB) and/or lateral (rotational) 
loads as a portion of each of foe total WOB and total torque on the bit 60, through foe 





i€ 



impactor 1 00 and into a spike 1 02, a fracture 1 1 6, and/or laterally into the formation 52 along 
n afor? 1 cleavage planes (not drown). Engaged impactors 100 may act as a lever or torque 
extender. Such engagement may act to lift or drear cutting chips from (he formation 52, as 
opposed to the conventional bit tooth cutting or compressing mechanism for cutting chip 
5 ggnpnutinn In addition, such effects maybe transmitted by engaging a single impactor 100 
or a stack of impactors 100 imbedded within the formation 52. Thereby at least aportton of 
the WOB and rotational forces in bit tooth 108 and/or the hydraulic forces may be directed 
l ater ally or otherwise in one or more various directions through the formation 52. Thereby, 
natural formation weaknesses, cleavage planes and directions ofleast resistive stress may be 
10 exploited mechani cally and/or hydraulically to effect enhanced cutting generation and 
improved rate of penetration. In addition, the work hardened zone may also be more 
receptive to subsequent fracturing or cutting extraction than the structurally unaltered 
formation. 

The plastic yield stress value and compressive strength of the impactor preferably 
15 sh ould he greater than the strength of the formation 52 and less than that of tire bit tooth 108 

and/or bit cone 62. If the impactor has a lower compressive or yield strength than the 
formation the impactor will likely be destroyed or damaged instead of structurally altering 
or penetrating the formation 52. 

In addition, the number of impactors 100 “on bottom” at any given tine may be 
20 relevant to the hardness and drillability of the formation 52, in optimizing the rate of 
penetration by the bit 60. If the formation 52 is relatively hard and/or is responsive to the 
creation of fractures 116 or cavities 120, the number of impactors 100 engaging the 
formation per unit of time, or available for positioning the impactors 100 between the bit 
teeth 108 and formation 52, may be relatively low for a given well bore diameter. For the 
25 sam e well bore diameter, if the formation 52 is relatively brittle more impactors 100 may be 

required to engage the formation per the same unit of time, to optimize the rate of 
penetration. If the formation 52 is relatively soft, pliable, plastic-like or gummy, an even 
greater numb er or concentration of impactors may be required to engage the formation 52 




w * * 



It. 





• r « 

t • * * 

• i H * 

• • • 

I * 



77 



10 



15 



20 



ovrafoe same time unit to optimizerateofpenetiation in the formation 52 Ardarvdyao# 

or gammy formation may benefit from m increase in foe concentration of impactois by 
creating a more drillable formation consistency, whidt may be leas prone to bit baDmg. 

However, in most formations, too many impactors 100 engaging foe formation per 
time tarit may be detrimental to optimiring the rate of penetration. An opfonam point may 
be reached where foe number of impactors engaging foe formation or available for 
positioning between foe formation 52 and bit teefo 108 may .optimize rate of penetration. A 
concentration above foispointmay adv®sely effect rate ofpenetration by adversely effecting 
performance of the impactois 100 and/or the bit 60. 

A relationship for appreciating the required number of impactors in a partic 

well bore size and bit type may be considered. For example, it a (W'bithesapprcximately 

8 to 15 teeth engaged with foe tarnation 6c 66 at any instant of time and is rotated at 1 50 

ipm, there may be approximately 3600 to 6750 teefo p® minute striking foe formation face 

66 Each, tooth has a tooth area based on its shape which may engage the formation face 6 . 
A bit toofo having a substantially fiat smfece which ia substantially parrallel to the plane of 

impaction 66 may strike an impact® and may transf® substantially asubstantial portion of 

foeWOB and/or rotational force to foe impactor, foerdjy creating a resultant bne of action 

or force tiuoogh foe respective impact®. Iffoeteofostnfoeeia carved, foe engaged foree 

transmitted to foe impact® may he along a diffaent resalt line, which, may be more 

perpendicular or angular to foeplaneofimpaction 66 than foe flat toothresalttmt TheWOB 

androtational forces infoe Wt60maybe apportioned emong foe teefol08 engaged 

and/or impactois 100. Hie few® foe numb® of teefo 108 end/or impactors 

engaged by teeth, foe mute force may be applied to each respective engaged impactor 100 

and/or slructaally altered zone 124. Fractures 116 and/or structural Sheraton may be 

imparted into even very hard or tough formations. • ft 

Engaging impactora 100 with a formation 52 at almost any angle of impact 1 30 may 

be beneficial to increasing rate of penetration, as foe m®e presence of impactors for foe bit 
teefo 108 to engage may sttnetnrally sit® foe fotmatiou in a man.® wind, tncrcasns 
drillabiHty by foe bit 60. Hereby, in cotain foamations, impactor ooneentratton may be 
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more b eneficial to improving rate of paietration by the bit 60, than the impactor penetration 
depth into the formation due to theimpact energy. 

A practical range of impactor rate of introduction into the drilling fluid may be from 
30 thousand to 300 th ousand impactors per minute. As a guideline for improved rate of 
penetration in many formations, an optimal concentration ofimpactors may be reached when 
the ratio ofimpactors to bit teeth engaging fee-formation at any instant of time is about 10:1 
for relatively hard rock drilling, and higher for softer formations. The ratio may be lower for 
extremely bard formations. In addition, harder formations may respond better to relatively 
cmaHer size impactors, while softer formations may respond better to relatively larger size 
10 impactors. The aerial distribution ofimpactors across the formation face 66 at the bottom 
of a well bore 70 maybe up to 80% of the bottom hole area for soft formations and as little 
as 20% for hard formations. Inhard formations, the strength and shape of tire impactors may 
also be considered. 

A broad theme of fids invention is creating a mass-velocity relationship in each of 
15 a plurality of solid material impactors 100 transported in a fluid system, such that a 
substantial portion by weight of the impactors 100 may each have sufficient energy to 
structurally alter a portion of a targeted formation -52 in the vicinity of a point of impact. 
Preferably, the structurally altered zone 124 may be altered to a depth 132 of at least two 
times the mean diameter of the particles 150 in fee formation 52. Impactor shape is 
20 preferablyspherical, however other shapes may be used in alternative embodiments. If an 

impactor 100 is of a specific shape such as that of a dart, a tapered conic, a rhombic, an 
octahedral, or similar oblong shape, a reduced impact area to impactor mass ratio may be 
achieved. .The shape of amajority by weight of the impactors may be altered, so long as the 
mass-velocity relationship remains sufficient to create a claimed structural alteration in fee 
25 formati on and an impactor has at least one length or diameter dimension in excess oi 0.100 

Thereby, a velocity required to achieve a specific structural alteration may be 
reduced as c omp ared to achieving a similar structural alteration by impactor shapes having 
a triphpr impact area to mass ratio. Shaped impactors may be formed to substantially align 
themselves along a flow path, which may reduce variations in the angle of incidence between 
fee impactor 100 and the formation 52. Such impactor shapes may also reduce impactor 
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contact with the flow structures such those in the drill string 55 and drilling rig 5 and may 

thereby minimize abrasive erosion of flow conduits. 

A variation on that broad theme may include inputting pulses of energy in die fluid 
system sufficient to impart a portion of die input energy in an impactor 100. The impact or 
5 100 may thereby engage the formation 52 with sufficient energy to achieve a structurally 

altered zone 124 having a structurally, altered height 132 of at least two times die diameter 
of the particles 150 indie formation 52. Pulsing of die pressure ofthe fluid in the drill siting 
55, near die bit 60 also may enhance the ability of the drilling fluid to generate cuttings 
• subsequent to impactor 100 engagement with the formation 52. Pulsing or otherwise 
10 imp artnrs 1 00 in a fluid based formation cutting or drilling system remains within 

the scope of this invention. 

Each combination of formation type, bare hole size, bore hole depth, available weight 

on bit, bit rotational speed, pump rate, hydrostatic balance, drilling fluid rheology, bit type 
and tooth/cutter dimensions may create many combinations of optimum impactor presence 
15 or concentration, and impactor energy requirements. The methods and systems of this 
invention facilitate adjusting impactor size, mass, introduction rate, d rilling fluid rate and/or 
pump pressure, and other adjustable or controllable variables to determine and ma in t ain an 
rtp tinrnm r. mrt V> inatin n ofvariables. The methods and systems of this invention also may be 
coupled with select bit nozzles, downhole tools, and fluid circulating and processing 
20 eq uipment to effect many variations in ■which to optimize rate of penetration. 

It may be appreciated that various changes to the details of the illustrated 

embo diment s and systems disclosed herein, may be made without departing from the spirit 
ofthe inv entio n. While preferred and alternative embod iment s ofthe present invention have 
been described and illustrated in detail, it is apparent that still further modifications and 
25 adaptations ofthe preferred and alternative embodiments will occur to those skilled in the 
art. However, it is to be expressly understood that such modifications and adaptations are 
within the spirit and scope of the present invention, which is set forth in the following 



claims. 




CLAIMS: 



5 1. a method of cutting a subterranean formation using a drilling rig, a drill 

string, a fluid pump located substantially at the drilling rig, a cutting fluid and 
plurality of solid material impactors, the drill string including a feed end located 
substantially near the drilling rig and a nozzle end including a nozzle supported 
thereon, the method comprising: 

10 providing at least one nozzle such that a velocity of the cutting fluid 

while exiting the nozzle is substantially greater than a velocity of the cutting 
fluid while passing through a nominal diameter flow path in the nozzle end of 

the drill string; 

circulating the cutting fluid from the fluid pump into the feed end of the 
15 drill string, through the drill string and through the nozzle, the cutting fluid 
being pumped at at least one of a selected circulation rate and a Selected pump 

pressure; 

introducing the plurality of solid material impactors into the cutting fluid 
to circulate the plurality of solid material impactors with the cutting fluid 
20 through the nozzle and engage the formation with both the cutting fluid and the 
plurality of solid material impactors; 

pumping the cutting fluid at a pressure level and a flow rate level 
sufficient to satisfy an impactor mass-velocity relationship wherein a 
substantial portion by weight of the plurality of solid material impactors creates 
25 a structurally altered zone in the formation having a structurally altered zone 
height in a direction perpendicular to a plane of impaction at least two times a 
mean particle diameter of particles in the formation impacted by the plurality of 
solid material impactors; 




circulating at least some of the cutting fluid, the plurality of solid 
material impairs and the formation cuttings away from the at least one 

nozzle. 

5 2. The method of cutting a subterranean formation as defined m Claim 1 , 

further comprising: 

rotating the nozzle while engaging the formation to generate formation 
cuttings. 

10 3 The method of cutting a subterranean formation as defined in Claim 

Claim 2, wherein a substantial pmtion by weight of the solid material impactors 
have a velocity of at least 60,96 m/s (200 feet per second), at engagement wtth 

the formation. 

15 4. The method of cutting a subterranean formation as defined in Claim 1 or 

Claim 2, wherein a substantial portion by weight of the solid material impactors 
' have a velocity of at least 60.96 m/s (200 feet per second) and as great as 
365.8 m/s (1200 feet per second) at engagement with the fonnatton. 

20 5 Hie method of cutting a subterranean formation as defined m Claim 1 or 

Claim 2, wherein a substantial portion by weight of the solid material impactors 
have a velocity of at least 60.96 m/s (200 feet per second) and as great as 
228.6 m/s (750 feet per second) at engagement with the formation. 

25 6 Hie method of cutting a subterranean formation as defined in Claim 1 or 

Cairn 2, wherein a substanual portion by weigh, of the solid material impactors 
have a velocity of a. leas. 106.7 m/s (350 fee. per second) and as great as 
152.4 m/s (500 feet per second) at engagement with the fotmation. 
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7. The method of cutting a subterranean formation as defined in any one of 
the preceding Claims, wherein a substantial portion by weight of the solid 
material impactors have a density of at least 3.68 g/cm 3 (230 pounds per cubic 

5 foot) and a diameter in excess of 0.254 cm (0. 100 inches). 

8. The method of cutting a subterranean formation as defined in any one of 
the Claims 1 to 7, wherein a substantial portion by weight of the solid material 
impactors have a density of at least 7.529 g/cm 3 (470 pounds per cubic foot) 

10 and a diameter in excess of 0.254 cm (0.1 00 inches). 

9. The method of cutting a subterranean formation as defined in any one of 
- the preceding Claims, wherein the mass-velocity relationship of a substantial 

portion of the plurality of solid material impactors provides at least 344.7 bar 
15 (5000 pounds per square inch) of force per area impacted by a respective solid 

material impactor having a mean diameter in excess of 0.254 cm (0.100 inches). 

10. The method of cutting a subterranean formation as defined in any one of 
Claims 1 to 8, wherein the mass-velocity relationship of a substantial portion of 

20 the plurality of solid material impactors provides at least 1379 bar (20,000 
pounds per square inch) of force per area, impacted by a respective solid 
material impactor having a mean diameter in excess of 0.254 cm (0.100 inches). 

11. The method of cutting a subterranean formation as defined m any one of 
25 Claim 1 to 8, wherein the mass-velocity relationship of a substantial portion of 

the plurality of solid material impactors provides at least 2068 bar (30,000 
pounds per square inch) of force per area impacted by a respective solid 

material impactor having a mean diameter in excess of0.254 cm (0.100 inches). 




12. The method of cutting a subterranean formation as defined in any one of 

the preceding Claims, wherein a substantial portion by weight of the plurality of 
solid material impactors create a structurally altered zone in the formation 
5 having a structurally altered zone height in a direction perpendicular to a plane 
of impaction at least four times a mean particle diameter of particles m the 

formation impacted by the plurality of.solid material impactors. 



13. The method of cutting a subterranean fonnation as defined many one of 
10 Claims 1 to 11, wherein a substantial portion by weight of the plurality of solid 
material impactors create a structurally altered zone in tire formation having a 
structurally altered zone height in a direction perpendicular to a plane of 
impaction at least eight times a mean particle diameter of particles m tire 
formation impacted by the plurality of solid material impactors. 



14. A method of cutting a subterranean formation using a drilling rig, a drill 

string, a fluid pump located substantially at (he drilling ng, a cutting fluid and 
plurality of solid material impactors, the drill suing including a feed end located 
substantially near the drilling rig and a bit end including a carting bit supported 

20 thereon, the method comprising: 

providing the cutting bit with at least one nozzle such that a velocity of 

the cutting fluid while exiting the cutting bit is substantially greater than a 

velocity of the cutting fluid while passing through a nominal diameter flow path 

in the bit end of the drill string; 

25 circulating the cutting fluid from the fluid pump into the feed end of the 

drill string, through the drill string and through the cutting bit, the cutting fluid 
being pumped at at least one of a selected circulation rate and a selected pump 

pressure; 




introducing the plurality of solid material impactors into the cutting fluid 
to circulate the plurality of solid material impactors with the cutting fluid 
through die cutting bit and engage the formation with both the cutting fluid and 
the plurality of solid material impactors, a substantial portion by weight of the 
5 plurality of solid material impactors each having a mean diameter in excess of 

0.254cm (0.100 inches); 

rotating the cutting bit while engaging the formation to generate 

formation cuttings; 
and 

10 circ ulatin g at least some of the cutting fluid, the plurality of solid 

material impactors and the formation cuttings away from the at least one 

nozzle. 

15. The method of cutting a subterranean formation as defined in Claim 14, 
15 further comprising: 

introducing the plurality of solid material impactors into the cutting fluid 
to circulate the plurality of solid material impactors with die cutting fluid 
through the cutting bit and engage the fonnation with both the cutting fluid and 
the plurality of solid material impactors, 

20 pumping the cutting fluid at a. pressure level and a flow rate to create a 
structurally altered zone in the formation having a structurally altered zone 
height in a direction peipendicular to a plane of impaction at least two times a 
mean particle diameter of particles in the formation impacted by the plurality of 
solid material impactors. 

25 _ . 

16. The method of cutting a subterranean fonnation as defined in Claim 14 

or Claim 15, further comprising: 

selecting each of the at least one nozzles for inclusion in die bit as a 
function of at least one of: (a) an expenditure of a selected range of hydraulic 




horsepower across the one or more nozzles, (b) a selected range of dnlhng flu. 
velocities exiting Are one or more nozzles, and (c) a selected range of solrd 
material impactor velocities exiting the one or more nozzles. 

; 17. The method of drilling a subterranean formation as defined in any one of 

Claims 14 to 16, . further comprising: 

determining a. least one or more drilling parameters ftom a group 
consisfing of (a) a number of teem on fire cutting bit that engage fire formatmn 
per unit of rime, (b) a rate of cutting bit penetration into the fo^atmn, (c) a 
0 depth of cutting bit penettation into fire formation fiom a depth reference pomh 
(d) a formation driUability factor, (e) a number of soltd materral mtpa 
introduced into fire drilling fluid per uni. of time, (f> at M one of an am, 

force and a rotational tome applied to tire cutting bit, (g) fire selecte emeu 

rate, and (h) the selected pump pressure. 

18. The method of drilling a subterranean formation as defined m any of 

Claims 14 to 17, further comprising: 

monitoring one or more drilling parameters; and 

altering at least one of the monitored one or more drilling paramerem 
20 and another drilling parameter as a function of the monitored one or more 

drilling parameters. 

19 . The method of drilling a subtenanean formation as defined in Claim 18, 

. norameters includes monitoring one or 
wherein monitoring one or more drilling parameters in - 

. • „ 0 f drilling parameters consisting ot (a) a 

25 more drilling parameters from a group otdni gp 

rate of cutting bit rotadon, (b) a ram of cutting bit peneriauon mto the 

formation, (e, adepth ofcntting bit penettation into the formation fiom aepfit 
reference poind (d) a formation drillability factor, (.) a number of soitd mat™, 
impaerors introduced into the driliing fluid per uni, of time, (f) a. least one 




an axial force and a rotational force applied to the cutting bit, (g) the selected 
circulation rate, and (h) the selected pump pressure. 

20. The method of drilling a subterranean formation as defined in Claim 1 8 
5 or Claim 19, wherein altering at least one of the monitored one or more drilling 

parameters and another includes altering (a) at least one of a rate of impactor 
introduction into the drilling fluid, (b) an impactor size, . ( c) an impactor 
velocity, (d) a cutting bit nozzle selection, ( e) the selected circulation rate of 
the drilling fluid, (f) and the selected pump pressure. 

10 

21 . The method of cutting a subterranean formation as defined in any one of 
Claims 14 to 20, wherein the velocity of the cutting fluid while exiting the 
cutting bit causes a substantial portion by weight of the plurality of solid 
material impactors to create a structurally altered zone in the formation having 

15 a structurally altered zone height in a direction perpendicular to a plane of 
impaction at least two times a meall particle diameter of particles in the 
formation imp acted by the plurality of solid material impactors. 

22 The method of cutting a subterranean formation as defined in any one of 
20 Claims 14 to 21, wherein the structurally altered zone includes fractures 
propagated into the formation. 

23. The method of cutting a subterranean formation as defined in any one of 
Claims 14 to 22, wherein the structurally altered zone includes a compressive 

25 spike in the formation. 

24. The method of cutting a subterranean formation as defined in Claim 22 
or Claim 23, further comprising: 




engaging at least one of the propagated fractures and an impactor altered 
rone of the formation in the vicinity of the propagated fracture with a tooth on 

the cutting bit. 

5 25. The method of cutting a subterranean formation as defined in any one of 

Claims 14 to 24, wherein the velocity of the impactors exiting the cuffing bit 
causes a substantial portion by weight of the impactors to engage the formation 
and alter the structural properties of the formation to a depth of at least two 
times the mean diameter of particles in the impacted formation, thereby creating 

10 an impactor altered zone. 

26. The method of cutting a subterranean formation as defined in Claim 25, 

further comprising: 

paging at least one of a soUd material impactor and the impactor 
15 altered rone with at least one of an another solid material impactor and a tooth 
on the cutting bit to one of (a) further structurally alter one of the impacted 
tarnation and the engaged formation and (b) to extract a cutting chip from the 

formation. 

20- 27 The method of cutting a subterranean formation as defined in any one of 

Claims 14 to 26, wherein the velocity of. the plurality of solid material 
impactors exiting the cutting bit creates a plurality of craters in the formation 
each having a crater depth of at least one-third the . diameter of a respective 

impactor. 

25 

28. The method of cutting a subterranean formation as defmed.m Claim 27, 
further comprising: 

the formation in the vicinity of the plurality of craters with one 
or more teeth on the cutting bit to extract formation cuttings. 




29. The method of cutting a rock formation as defined in any one of 
Claims 14 to 28, further comprising: 

altering a feed rate of the plurality of solid material impactors into the 
5 cutting fluid in response to a monitored drilling parameter. 

30. The method of drilling a subterranean well, as defined in any one of 
Claims 14 to 29, farther comprising* 

forming a dual-discharge nozzle within the-drill bit for generating each 
10 of (1) a radially outer drilling fluid jet substantially encircling a jet axis, and (2) 
an axial drilling fluid jet substantially aligned with and coaxial with the jet axis; 

and 

directing a majority by weight of the plurality of solid material impactors 
into the axial drilling fluid jet. 

15 . , 

3 1 . The method of cutting a subterranean formation as defined in any one o 

Claims 14 to 30, wherein each of die introduced plurality of solid material 
impactors is substantially spherical. 

t 

20 32 The method of cutting a subterranean formation as defined many one of 

Claims 14 to 30. wherein the introduced plurality of solid material impactors 

are substantially irregularly shaped and are of a varying mass. 

33. The method of cutting a subterranean formation as defined m any one of 
25 Claims 14 to 32, wherein a majority by weight of the introduced plurality of 
solid material impactots each have a diameter of at least 0254 cm (0.100 

inches). 




34. The method of cutting a subtenanean fonnation as defined in any one of 

Claims 14 to 33, further comprising: 

monitoring one or mote cutting parameters; and 

selecting a diameter range of the plurality of solid material impactors as 
5 a function of at least one of the one « more monitored drilling parameters-or a 

formation parameter. 

35 The method of cutting a subterranean fonnation as defined in any one of 
Claims 14 to 34, wherein the introduced plurality of solid marerial impactors 

10 are of a varying mean diameter. 

36 The method of cutting a subterranean formation as defined in any one of 
Claims 14 to 35, wherein the at least one nozzle includes a plurality of nozzles 
and a majority by weight of the impactors are passing through one ormore of 

15 the plurality of nozzles. 

37. The method of eutting a snbterranean formation as defined in any one of 
Claims 14 to 36, wherein at least one of the at least one nozzles separates a first 
portion of the drilling fluid flowing through the impactor nozzle mto a first 
20 drilling fluid siream having a first drilling fluid exit nozzle veloerty, and a 
second portion of the drilling fluid flowing through the impactor nozzle mto a 
second drilling fluid stream having a second drilling fluid exit nozzle veloerty 

lower than the first drilling fluid exit nozzle velocity. 

25 38. The method of cutting a subterranean fonnation as defined in Claim 37, 

further comprising: 

directing the plurality of solid material impactors into the first cutting 
fluid stream such that a velocity of the pluratity of solid material impactots 
whUe exiting the drill bit is substantially greater than a velocity of the dnllmg 




fluid while passing through a nominal diameter flow path in the bit end of the 

drill string to accelerate the plurality of solid material impactors. 

39. Hie method of cutting a subterranean formation as defined in Claim 14, 

5 wherein the velocity of a majority by weight of the plurality of solid material 

impactors exiting the cutting bit is a least 60.96 m/s (200 feet per second). 

40. The method of cutting a subterranean formation as defined in any one of 
Claims 14 to 39, wherein introducing the plurality of solid material impactors 

10 into the cutting fluid farther comprises: 

monitoring one or more drilling parameters; and 

adjusting a rate of solid material impactor introduction into the cutting 
fluid in response to the monitored one or more drilling parameters. 

15 41. A method of drilling a subterranean well through a subterranean 

formation using a drilling rig, a drill string, a fluid pump located substantially at 
the drilling rig and a drilling fluid, the drill string including an upper end 
located substantially near the drilling rig and a bit end including a drill bit 

supported thereon, the method comprising: 

20 providing the drill bit with at least one nozzle such that a velocity of the 

drilling fluid while exiting the drill bit is substantially greater than a velocity of 
the drilling fluid while passing through a nominal diameter flow path in the bit 

end of the drill string; 

providing a plurality of solid material impactors substantially adjacent 
25 the drilling rig; 

circulating the drilling fluid from the fluid pump into the upper end of 
the drill string, through the drill string and through the drill bit, the drilling fluid 
being pumped at at least one of a selected circulation rate and a selected pump 

pressure; 




introducing the plurality of solid material impactors into the drilling 
fluid to circulate the plurality of solid material impactors with the drilling fluid 
through the drill bit and engage the formation with both the drilling fluid and a 
majority by weight of the plurality of solid material impactors, a majority by 
5 weight of the plurality of solid material impactors having a mean diameter in 

excess of 0.254 cm (0.100 inches); 

rotating the drill bit while engaging the formation to generate formation 
cuttings; and 

circulating at least some of the drilling fluid, the plurality of solid 
10 material impactors and the formation cuttings from the at least one nozzle. 

42. The method of drilling a subterranean well as defined in Claim 41, 
further comprising: 

substantially separating each of the cuttings and the plurality of solid 
15 material impactors from the drilling fluid at the surface of the well to salvage 
the drilling fluid for recirculating the drilling fluid into at least one of the well 

and another well. 

43. The method of drilling a subterranean weU as defined in Claim 41 or 
20 Claim 42, further comprising: 

substantially separating the plurality of solid material impactors from the 
cuttings for discarding the cuttings and for salvaging at least a portion of the 
plurality of solid material impactors for recirculating the at least a portion of the 
plurality of solid material impactors into the wellbore. 

25 

44. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 43, wherein the velocity of the plurality of solid material 
impactors exiting the drill bit causes a majority by weight of the plurality of 
solid material impactors to engage the formation and propagate a substantial 




portion by weight of the plurality of solid material impactors engaging the 
fonnation into the formation a depth of at least one-third a diameter of a 
respective intpaetor, such that a tooth on the drill bit engages one of a porhon 
of a respective propagated intpaetor and a portion of an impaetor altered zone 
5 of the fonnation in the vicinity of the propagated impaetor. 

45. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 43, wherein the velocity of the drilling fluid and the plurality of 
solid material impactors exiting the drill bit causes a majority by weight of the 
10 plurality of solid material impactors to engage the formation and propagate a 
substantial portion of the plurality of solid material impactors engaging the 
. fonnation into the formation a depth of at least the diameter of a respeettve 
impaetor, thereby creating a propagation path in the formation and an impaetor 
altered zone in the vicinity of the propagation path. 

46. The method of drilling a subterranean well as defined' in Claim 45, 
further comprising: 

engaging at least one of the propagation path and the structurally altered 
zone in the vicinity of the propagation path with a tooth on the drill bit to 

20 extract formation cuttings. 

47. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 46, further comprising: 

providing an impaetor introduction port upstream of a swivel quill 

25 located substantially near the upper end of the drill string; and 

introducing the plurality of solid material impactors compnses 
introducing the plurality of solid material impactors through the impaetor 
introduction port into the drilling fluid. 




48. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 47, further comprising: 

forming a dual-discharge nozzle within the drill bit for generating each 
5 of (1) a radially outer drilling fluid jet substantially encircling a jet axis, and (2) 
an axial drilling fluid jet substantially aligned with and coaxial with the jet axis, 

and 

the dual discharge nozzle directing a majority by weight of the plurality 

of solid material impactors into the axial drilling fluid jet. 

10 

49. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 48, wherein the injected plurality of solid material impactors are 
substantially spherical and a majority by weight of the plurality of solid material 
impactors are of a substantially uniform mean diameter. 

15 

50. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 48 , wherein the introduced plurality of solid material impactors 
are substantially crystalline. 

20 51. The method of drilling a subterranean well as defined in any one of 

Claims 41 to 48, wherein the introduced plurality of solid material impactors 
are substantially rounded and majority by weight of the plurality of solid 
material impactors have a substantially non-uniform mean diameter. 

25 52. The method of drilling a subterranean well as defined in any one of 

Cl aims 41 to 51, wherein at least' a majority by weight of the introduced 
plurality of solid material impactors have a mean diameter of at least 0.318 cm 
(0.125 inches) and as large as 0.846 cm (0.333 inches). 




53. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 51, wherein at least a majority by weight of the introduced 
plurality of solid material impactors have a mean diameter of at least 0.38 1 cm 

5 (0.150 inches) and as large as 0.635 cm (0.250 inches). 



54. The method of drilling a subterranean well as defined m any one of 
Claims 41 to 53, wherein a majority by weight of the plurality of solid material 
impactors are substantially irregularly shaped. 

55. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 54, wherein at least a majority by weight of the introduced 
plurality of solid material impactors are of a non-uniform shape having at least 
one length dimension of at least 0.254 cm (0.100 inches). 



56. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 55, wherein at least one of the at least one nozzles is an impactor 
nozzle to accelerate Ore velocity of the plurality of solid material impactors 
through the one or mote impactor nozzles as compared to the velocny of the 
!0 plurality of solid material impactors through a nominal diameter flow path m a 
lower portion of the drill string. 



57. The method of drilling a subterranean well as defined m any one of 
Claims 41 to 56, wherein at least one of the at least one nozzles separates a fust 
25 portion of the drilling fluid flowing through the impactor nozzle into a first 
drilling fluid stream having a first drilling fluid exit nozzle veloetty, and a 
second portion of the drilling fluid flowing through the impactor nozzle into a 
second drilling fluid stream having a second drilling fluid exit nozzle veloetty 
lower than the first drilling fluid exit nozzle velocity. 




58. The method of drilling a subterranean well as defined in Claim 57, the 
method further comprising: 

directing the plurality of solid material impactors into the first cutting 

5 fluid stream such that a velocity of the plurality of solid material impactors 
while exiting the drill bit is substantially greater than a velocity of the drilling 
fluid while passing through a nominal diameter flow path in the bit end of the 
drill string accelerate the plurality of solid material impactors. 

10 59. The method of drilling a subterranean well as defined m any one of 

Claims 41 to 58, wherein the velocity of a majority by weight of the plurality of 
solid material impactors immediately exiting the drill bit is at least 60.96 m/s 

(200 feet per second). 

15 60. The method of drilling a subterranean well as defined in any one of 

Claims 41 to 58, wherein the velocity ofa majority by weight of the plurality of 
solid material impactors immediately exiting the drill bit is at least 60.96 m/s 
(200 feet per second) and as great as 365.8 m/s (1200 feet per second). 

20 61. The method of drilling a subterranean well as defined in any one of 

Claims 41 to 58, wherein the velocity of a majority by weight of the plurality of 
solid material impactors immediately exiting the drill bit is at least 60.96 m/s 
(200 feet per second) and as great as 228.6 m/s (750 feet per second). 

25 62. The method of drilling a subterranean well as defined in any one of 

Claim 4 1 to 58, wherein the velocity of a majority by weight of the plurality of 
solid material impactors immediately exiting the drill bit is at least 106.7 m/s 
(350 feet per second) and as great as 1 52.4 m/s (500 feet per second). 
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63. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 62, wherein introducing the plurality of solid material impactors 

into the drilling fluid further comprises: 

5 hydraulically isolating an auger type impactor introduction device from 

the circulating drilling fluid; 

filling the auger type impactor introduction device at a low pressure 

from a fill end with a plurality of solid material impactors; 

sealing the impactor introduction device to internally withstand at least 

10 the selected pump pressure; 

hydraulically communicating a discharge end of the impactor 
introduction device with the drilling fluid at the selected pump pressure; and 

displacing solid material impactors from within the impactor 
introduction device into the drilling fluid by rotating an impactor auger withiu 
15 an impactor introducer housing. 

64. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 63, wherein introducing the plurality of solid material impactors 
into the drilling fluid further comprises: 

20 introducing at least 1000 solid material impactors per minute into the 

drilling fluid. 

65. The method of drilling a subterranean well as defined in any one of 
Claims 41 to 64, wherein introducing the plurality of solid material impactors 

25 into the drilling fluid further comprises: 

adjusting the rate, of introducing plurality of solid material impactors into 

the drilling fluid in response to the total number of times teeth on the bit will 
impact the formation per unit of time. 




66. A method of cutting a subtertanean formation using a drilling rig, a drill 
stting, a fluid pump substantially at the drilling rig and a cutting fluid, the drill 
string including a feed end located substantially near the drilling ng and a bit 
5 end including a cutting bit supported thereon, the method comprising: 

providing the cutting bit to include at least one nozzle such that a 
velocity of the cutting fluid while exiting the cutting bit is substantially greater 
than a velocity of the cutting fluid while passing through i nominal diameter 
flow path in the bit end of the drill string, 

10 providing a plurality of solid material impactors substantially adjacent 

the drilling rig; 

circulating the cutting fluid from the fluid pump into the feed end of the 
drill string, through the drill siring and through the cutting bit, the cutting fluid 
being pumped at at least one of a selected circulation rate and a selected pump 

15 pressure; 

introducing the plurality of solid material impactors into the cutting fluid 
to circulate Are plurality of solid material impactors with the cutting fluid 
• through dre cutdngbit and engage dre fonnation with both the cubing fluid and 
a substantial portion by weight of the plurality of solid material impactors to 
20 create a structurally altered zone in the formation having a structurally altered 
zone height in a direction perpendicular to a plane of impaction at least two 
times a mean particle diameter of particles in the formation impacted by the 
plurality of solid material impactors, 

rotating the cutting bit while engaging the formation to generate 
25 formation cuttings; and 

circulating at least some of the cutting fluid, the plurality of solid 
material impactors and the formation cuttings away from tire at least one 

nozzle. 
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67. The method of cutting a subterranean formation as defined in Claim 66, 
wherein a majority by weight of the plurality of soUd material impactors have 
an impactor diameter of at least 0.254 cm (0.100 inches). 

5 

6g. The method of. cutting a subterranean formation as defined in Claim 66 
or Claim 67, wherein the structurally altered zone includes a fracture in the 
formation having a fracture height at least two times a mean particle diameter 
of particles in the impacted formation. 

10 

69. The method of cutting a subterranean formalion as defined in Claim 66 
or Claim 67, wherein introducing the plurality of solid material impactors into 
the cutting fluid creates at least one fracture in the foimation having a fracture, 
height at least eight times a mean particle diameter of particles in the impacted 

15 formation. 

70. The method of cutting a subterranean formation as defined m Claim 66 
or Claim 67, wherein introducing the plurality of solid material impactors into 
the cutting fluid creates at least one fracture in the formation having a fracture 

20 height at least two times a mean diameter of a majority by weight of the 
plurality of solid material impactors impacting the formation. 

71. Themethod of cutting a subterranean formation as defined in Claim 6.6 
or Claim 67, wherein the structurally altered zone includes a compressive spike 

25 in the formation having a spike length at least two times a mean particle 
diameter of particles in the formation. 



72. The method of cutting a subterranean foimation as defined in any one of 
Claim 66 to 71, wherein the plurality of solid material impactom are introduced 




into the cutting fluid after the cutting fluid has been circulated through the fluid 
pump. 

73. The method of cutting a subterranean formation as defined m any one of 

5 Claims 66 to 72, further comprising. 

,.w*jng at least one of the selected circulation rate and the selected 

pump pressure such that the momentum of at least five percent by weight of the 
plurality of solid material impactors at a point of impact with the formation 
creates a plurality of ftactures in the formation each having a fiacturc length at 
10 .least two times, a mean particle diameter of particles in the impacted formation. 

74. The method of cutting a subterranean formation as defined in any one of 
■ Claims 66 to 73, wherein introducing ihe plurality of solid material impactors 
into the cutting fluid creates a structurally altered zone in the fonnation having 
15 a structurally altered zone height in a direction perpendicular to a plane of 
impaction at least four times a mean particle diameter of particles in the 

im pacted formation. 

75 The method of cutting a subterranean fonnation as defined in any one of 
2ft Claims 66 to 73, wherein introducing the plurality of solid material impactors 
into to cutting fluid creates a structurally altered zone in to fonnation havmg 
a structurally altered zone bright in a direction perpendicular to a plane of 
impaction at least eight times a mean particle diameter of particles m the 

impacted formation. 

76. The method ofeutting a subterranean formation as defined in any one of 

Claims 66 to 73, wherein introducing to plurality of solid material impactors 
into to cutting fluid creates a sttucturally altered zone in to fonnation having 
a structurally altered zone height in a direction perpendicular to a plane of 




impaction at least two times a mean diameter of a majority by weight of the 
plurality of solid material impactors impacting the impacted formation. 

77. The method of cutting a subterranean formation as defined in any one of 
Claims 66 to 76, further comprising; 

adjusting the rate of introducing the plurality of solid material impactors 
into the cutting fluid. 

i 

78. • The method of cutting a subterranean formation as defined m any one of 
Claims 66 to 77, wherein introducing the plurality of solid material impactors 
into the cutting fluid causes a majority by weight of the introduced impactors to 
engage the formation and cause a substantial portion of the majority by weight 
of the impactors engaging the formation to alter one or more structural rock 
properties of the formation in the vicinity of a respective point of impact 

79. The method of cutting a subterranean formation as defined in Claim 78, 
wherein altering one or more structural rock properties includes altering the 
density of at least a portion of the formation in the vicinity of a respective point 

of impact. 

80. The method of cutting a subterranean formation as defined in Claim 78 
or Claim 79, wherein altering one or more structural rock properties includes 
creating a fracture in the formation in the vicinity of a respective point of 

impact 

81. The method of cutting a subterranean formation as defined in any one 
Claims 78 to 80, wherein altering one or more structural rock properties 
includes creating a micro-fractured zone in the vicinity of a respective point of 

impact 




82 The method of cutting a subterranean formation as defined in any one of 

Claims 66 to SI, whereto utooducing toe plurality of solid material impactors 
toto toe cutting fluid causes a first impactor to engage toe formation, and 
5 subsequently causes at least one additional impactor to engage toe first 
impactor thereby causing at least one of toe first impactor and toe at least one 
additional impactor to alter the structural rock properties to the vicinity of at 
least one of the first impactor and toe at least one additional impactor, 

10 83 The method of cutting a subterranean formation as defined in any one of 

Claims 66 to 82, whereto routing toe cutting bit causes at least one tooth on toe 
, cutting bit to engage at least one solid material impactor causing the at least one 
solid material impactor to alter the structural rock properties of toe formation. 

15 84. A system for cutting a subterranean formation using a drilling .rig, a 

drilling fluid pumped into a well bore by a fluid pump located at toe drilling rig, 
a drill string including a feed end located substantially near toe drilling rig, a b.t 
end for supporting a drill bit, and including at least one through bore to conduct 
the drilling fluid between toe drilling rig and toe drill bib toe drill bit inc.udmg 
20 a, leas, one nozzle a. leas, partially boused in toe drill bit such tost a velocity of 
toe drilling fluid while exiting the drill bi, is substantially greater than a 
velocity of toe drilling fluid while passing through a nomintd diameter of toe 
through bore to the bit end of toe drill siring, toe system composing: 
an impactor imroducer to introduce a plurality of solid material impactors into 
25 toe drilling fluid before circulating toe plurality of impactms and toe dnflmg 
fluid to the drill bit; toe plurality of solid matenal impactois passing with the 
drilling fluid through toe at least one nozzle to toe drill bit such that toe velocity 
of the impactors while exiting the at least one nozzle is substantially greater 
than a velocity of toe drilling fluid while passing through toe nominal diameter 




. of the through bore in the bit end of the drill string, such that the plurality of 
impactors impact the formation substantially near the drill bit and at least some 
of the plurality of impactors are circulated substantially back to the drilling rig 
with the drilling fluid, and wherein a majority by weight of the plurality of solid 
5 material impactors have an impactor diameter in excess of 0.254 cm (0.100 

inches). 

85. The system for cutting a subterranean formation as defined m Claim 84. 
further comprising: 

10 an impactor introducer conduit for conducting the plurality of solid 

material impactors from the impactor introducer substantially to the feed end of 

the drill string. 

86. The system for cutting a subterranean formation as defined in Claim 84 

1 5 or Claim 85, further comprising: 

a fluid conduit for conducting the drilling fluid from the drilling fluid 

pump substantially to the feed end of the drill string, the fluid conduit having an 
introduction port for introducing the plurality of solid impactors from the 
impactor introducer into the drilling fluid. 

20 

87. The system for cutting a subterranean formation as defined in Claim 86, 
further comprising: 

a gooseneck having a through bore for conducting drilling fluid from the 
fluid conduit to a drilling swivel, and the gooseneck including the introduction 

25 port in the 

gooseneck; and 

a drilling swivel including a through bore for conducting drilling fluid 
therein, substantially supported on the feed end of the drill string for conducting 
drilling fluid from the goose neck into the feed end of the drill string. 




88. The system for cutting a subterranean formation as defined in any one of 
Claims 84 to 87, further comprising: 

a drilling fluid separator located at the surface to substantially separate at least 
5 one of the cuttings and the plurality of solid material impactois from the tfrillmg 
fluid at the surface of the well to salvage the drilling fluid for recirculating the 
drilling fluid into one of the well and another well. 

89. The system for cutting a subterranean formation as defined in any one of 

10 Claims 84 to 88, further comprising: 

an impactor separator located at the surface to substantially separate the 
plurality of solid material impactors from the cuttings. 

90. The system for cutting a subterranean formation as defined m any one of 
15 Claims 84 to 89, wherein the. plurality of solid material impactors- are 

substantially spherical. 

91 . The system for cutting a subterranean formation as defined in any one of 
Claims 84 to 90, wherein a majority by weight of the phirahty of-soltd materi 

20 impactors have a diameter of at leas.0,318 cm (0.125 inches) and as great as 

0.846 cm (0.333 inches). 

92. The' system for cutting a subterranean tarnation as defined in any one of 
Claims 84 to 90, wherein a majority by weight of the plurality of solid materi 

25 impactors have a diameter of at least 0381 cm (0.150 inches) and as gmat as 
0.635 cm (0.250 inches). 

93 The system for cutting a subterranean formation as defined m any one of 
Claims 84 to 92, wherein a majority by weight of the plurality of solid material 




impactors have a velocity of at least 60.96 m/s (200 fee, per s^ond) a, 
engagement with the formation. 

94. The system for cutting a subterranean fonnation as defined in any one of 
5 Claims 84 to 92, wherein a majority by weight of the plurality of solid material 
impactors have a velocity of a, leas. 60.96 m/s (200 feet per second) and as 
large as 365.8 m/s (1200 feet per second) at engagement with the formation. 

95 The system for cutting a subterranean formation as defined in any one of 
10 Claims 84 ,0 92, wherein a majority by weigh, of die plurality of solid material 

impactors have a velocity of a. least 60.96 m/s (200 fee. per second) and as 
large as 228.6 m/s (750 feet per second) at engagement with the formation. 

96 The system for cutting a subterranean formation as defined m any one of 
,5 Claims 84 to 92, wherein a majorfty by weigh, of the plurality of solid material 

impactors have a velocity of a, least 106.7 m/s (350 fee. per second) and as 
large as 152.4 m/s (500 feet per second) at engagement with die fonnanon. 

97 The system for cutting a subterranean fonnation as defined in any one of 
20 Claims 84 to 96, wherein die solid material impactors are substantially meteUic. 
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98. The system for cutting a subterranean formation as defined in any one of 
Claims 84 to 97, wherein the at least one nozzle in the drill bit comprises a 
jet nozzle for separating a firs, portion of die drilling fluid flowing throng the 
dual jet nozzle into a firs, drilling fluid stream having a firs, dnllrng fluid exit 
nozzle velocity, and a second portion of die drilling fluid flowing through .die 
dual jet nozzle into a second drilling fluid stteam having a second drilling flu. 
exit nozzle velocity lower than die first drilling fluid exit nozzle velocity- 




99. The system for cutting a sub— formation as defined - <*» . 

wherein the a. leas, one dual*, nozzle includes an impactor dnector port, 
directing die piuralit, of solid maierial impact into dre firs, dnilrng fimd 
stream to increase die velocity of the plurality of solid material 
exiting die a, least one dual jet norfe as compared to the veloc ty 
plurality of solid matoriai impactors white passing through a nominal d,am«er 

flow path in a bit end of the drill string. 

,00. The system for ending a suhmnanean fonnaticn as defined in any one of 

Claims 84 to 99, further comprising: . f 

an impactor source vessel for holding a, least some ***** 
solid material factors before introducing the plurality of sohd marenal 

impactors into the impactor introducer. 

101. The system for cutting a subterranean formation as defined in any one of 

Claims 84 to 100, further comprising: 

an impactor grader for sorting the plurality of solid material im P ac*> 

prior to the plurality of solid material impactors being circulated from die well. 

,02. The system for cutting a subterranean formation as defined in any one of 

Haims 84 to 101, further comprising: . ■ . . 

apump to pressurize driiliug fluid canying dre plurality of sohd — 

impactors to a pressure greater than die selected pump pressure to introduce 

s ZZ - - — — -> - — Md -+ ZZZ 

injection port in a drilling fluid line, the impactor mjcction port oca e 
die fluid pump and tire feed end of the drill string. 




103. The system for cutting a subterranean formation as defined in any one of 

Claims 84 to 102, further comprising: 

an impactor injector including an auger for introducing the plurality of 
solid material impactors into the drilling fluid between the fluid pump and the 
5 upper end of the drill string. 

104. A method of cutting a subterranean formation using a drilling rig 
substantially hereinbefore described with reference to Figures l to 5B of the 
accompanying drawings. 

10 

105. A method of drilling a subterranean well through a subterranean 
formation using a drilling rig substantially hereinbefore described with 
reference to and as shown in Figures 1 to 5B of the accompanying drawings. 

15 106. A system for cutting a subterranean formation using a drilling rig 

substantially hereinbefore described with reference to and as shown in Figure 1 
to 5B of the accompanying drawings. 
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